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q One of the profound questions that U.S. EIC is built to address:

An EIC can uniquely address three profound questions about nucleon –
nucleons and protons – and how they are assembled to form the nuclei 
of atoms:

§ How does the mass of the nucleon arise?
§ How does the spin of the nucleon arise?
§ What are the emergent properties of dense systems of gluons?

“… answer science questions that are compelling, fundamental, and timely, 
and help maintain U.S. scientific leadership in nuclear physics.”

… …

Mass of Nucleon?

Finding 1:
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Mass of Nucleon?

q Nucleon Mass:

Mass is the Energy of the nucleon when it is at Rest!

<latexit sha1_base64="P86RjAuGFmqXyiMYbJ4vU00FjLY=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4qru1qBehIILHCvZD2rVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdb2dpeWV1bT23kd/c2t7ZLeztN3SUKELrJOKRagVYU84krRtmOG3FimIRcNoMhtcTv/lElWaRvDejmPoC9yULGcHGSg8CXaGbU/JY7haKbsmdAi0SLyNFyFDrFr46vYgkgkpDONa67bmx8VOsDCOcjvOdRNMYkyHu07alEguq/XR68BgdW6WHwkjZkgZN1d8TKRZaj0RgOwU2Az3vTcT/vHZiwks/ZTJODJVktihMODIRmnyPekxRYvjIEkwUs7ciMsAKE2MzytsQvPmXF0mjXPLOS2d3lWK1ksWRg0M4ghPw4AKqcAs1qAMBAc/wCm+Ocl6cd+dj1rrkZDMH8AfO5w/iMo8f</latexit>

m = E/c2 from the A. Einstein’s famous equation E = mc2
<latexit sha1_base64="UAjFZiTnK7JgttWsZkevHaGV6yU="></latexit>

Mn =
hP |HQCD( , A)|P i

hP |P i

����
at rest

q Nucleon is not elementary:
Nucleon is a strongly interacting, relativistic bound state of quarks and gluons of QCD
Our understanding of the nucleon has been evolving, and will continue to evolve,

Understanding it fully is still beyond 
the best mind that we have!

<latexit sha1_base64="u1V4Zm9RB9lxkZ2AAte+55G9Lgg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBg5SkinoRC148VrAf0ISy2U7bpZtN2N0USuw/8eJBEa/+E2/+GzdtDtr6YODx3gwz84KYM6Ud59sqrKyurW8UN0tb2zu7e/b+QVNFiaTQoBGPZDsgCjgT0NBMc2jHEkgYcGgFo7vMb41BKhaJRz2JwQ/JQLA+o0QbqWvbT3VPEjHggG+8M3xb6tplp+LMgJeJm5MyylHv2l9eL6JJCEJTTpTquE6s/ZRIzSiHaclLFMSEjsgAOoYKEoLy09nlU3xilB7uR9KU0Him/p5ISajUJAxMZ0j0UC16mfif10l0/9pPmYgTDYLOF/UTjnWEsxhwj0mgmk8MIVQycyumQyIJ1SasLAR38eVl0qxW3MvK+cNFuVbN4yiiI3SMTpGLrlAN3aM6aiCKxugZvaI3K7VerHfrY95asPKZQ/QH1ucPdz6SMg==</latexit>

|P i =?
<latexit sha1_base64="Jc3V8ZzQOQ8dkglLTWKVnSwOKW8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCBSlJFXVZqYsuW7APaEKYTCft0MkkzEyEGoq/4saFIm79D3f+jZO2C209cOFwzr3ce48fMyqVZX0buZXVtfWN/GZha3tnd8/cP2jLKBGYtHDEItH1kSSMctJSVDHSjQVBoc9Ixx/VMr/zQISkEb9X45i4IRpwGlCMlJY886jupY4IYbN2Nyk5saTnt2cFzyxaZWsKuEzsOSmCORqe+eX0I5yEhCvMkJQ924qVmyKhKGZkUnASSWKER2hAeppyFBLpptPrJ/BUK30YREIXV3Cq/p5IUSjlOPR1Z4jUUC56mfif10tUcOOmlMeJIhzPFgUJgyqCWRSwTwXBio01QVhQfSvEQyQQVjqwLAR78eVl0q6U7avyRfOyWK3M48iDY3ACSsAG16AK6qABWgCDR/AMXsGb8WS8GO/Gx6w1Z8xnDsEfGJ8/IueTrQ==</latexit>

HQCD( , A) is known, but not
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How does Nucleon Mass arise?
q A true international interest and devoted effort:

14-16 January 2021, Argonne National Lab

(> 200 participants!)

A focused INT workshop has been planned
https://indico.phy.anl.gov/event/2/

One of the key questions that 
EIC is built to address!
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Mass of Nucleon in QCD

q Mass without mass:
§ QCD Lagrangian does not have mass dimension parameters, 

other than the masses of current quarks, 
<latexit sha1_base64="iyYT/+jFuazQqMifRw9AonnP1kw=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vjw4kWoYD+gCWGz3bRLd5N1dyOU0r/hxYMiXv0z3vw3btoctPXBwOO9GWbmRZIzbVz321lZXVvf2Cxtlbd3dvf2KweHbZ1mitAWSXmquhHWlLOEtgwznHalolhEnHai0U3ud56o0ixNHsxY0kDgQcJiRrCxki/CR+Rzju5CWQ4rVbfmzoCWiVeQKhRohpUvv5+STNDEEI617nmuNMEEK8MIp9Oyn2kqMRnhAe1ZmmBBdTCZ3TxFp1bpozhVthKDZurviQkWWo9FZDsFNkO96OXif14vM/F1MGGJzAxNyHxRnHFkUpQHgPpMUWL42BJMFLO3IjLEChNjY8pD8BZfXibtes27rJ3fX1Qb9SKOEhzDCZyBB1fQgFtoQgsISHiGV3hzMufFeXc+5q0rTjFzBH/gfP4Arb+QwQ==</latexit>

mq ⌧ Mp

§ Asymptotic freedom                  confinement: 

A dynamical scale,              , consistent with  ⇤QCD
1

R
⇠ 200 MeV

q A consistent check:
§ Bag model:

² Minimize total energy                 : Mp ⇠ 4

R
⇠ 4

0.88fm
⇠ 912MeVKq + Tb

² Bag energy (bag constant B): Tb =
4

3
⇡R3 B

² Kinetic energy of three quarks: Kq ⇠ 3/R

§ Constituent 
quark model:

² Spontaneous chiral symmetry breaking:
Massless quarks gain ~300 MeV mass when 
traveling in vacuum

Mp ⇠ 3me↵
q ⇠ 900 MeV
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Mass of Nucleon in QCD

Input

q From Lattice QCD:

How does QCD generate this?  The role of quarks vs. that of gluons?

If we do not understand proton mass, we do not understand QCD!
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Beyond Lattice QCD

q Three-pronged theory approach to explore the origin nucleon mass:

§ Mass decomposition – roles of the constituents – but, not unique!
Matching individual terms to physical observables with controllable approximations – Factorization!

§ lattice QCD – calculations of individual terms
§ Model calculation – approximated analytical approach

§ Paton momentum fractions
§ Nucleon sigma-terms
§ Trace anomaly – matching to heavy quarkonium production near the threshold – JLab12 + EIC

q Experimental measurements of individual terms with reliable theory matching:

<latexit sha1_base64="fgUNVk2AAEpiAqxQ4l/HjP5CRb8="></latexit>

Mn =
X

f=q,g

hP |T 00
f (0)|P i
2P 0

�����
cm

= Mq +Mg +Mm +Ma

Not unique, none of these terms 
are physical observables!
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Mass of Nucleon in QCD

q Role of quarks and gluons:
<latexit sha1_base64="85+Osl3gs2C+LGhyXz6b21rUqfQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WjmSToR3QoecgZNVZ6aJT65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8KVWGM4GzUi/VmFA2pkPsWipphNqfzi+dkTOrDEgYK1vSkLn6e2JKI60nUWA7I2pGetnLxP+8bmrCG3/KZZIalGyxKEwFMTHJ3iYDrpAZMbGEMsXtrYSNqKLM2HCyELzll1dJ66LqXVUv72uVei2PowgncArn4ME11OEOGtAEBiE8wyu8OWPnxXl3PhatBSefOYY/cD5/ANxbjOI=</latexit>

P

Expectation values:

<latexit sha1_base64="GbuJQmc0YSEXZ5pzjNokVoD5FGo="></latexit>

Tµ⌫
q =  �µ

1

2

$
iD⌫  

QCD Energy-Momentum Tensor (EMT):
<latexit sha1_base64="LFYRQ/ppqkXsCtAa/JR+UDWERAc=">AAACEXicbVDLSsNAFJ34rPEVdelmsAgFoSRa1I1QcOOyQl/QxDCZTtqhk0mcmQgl9Bfc+CtuXCji1p07/8ZpG7C2Hhg495x7uXNPkDAqlW1/G0vLK6tr64UNc3Nre2fX2ttvyjgVmDRwzGLRDpAkjHLSUFQx0k4EQVHASCsYXI/91gMRksa8roYJ8SLU4zSkGCkt+Vapfpe5UerydASv4G/h35sns2XPt4p22Z4ALhInJ0WQo+ZbX243xmlEuMIMSdlx7ER5GRKKYkZGpptKkiA8QD3S0ZSjiEgvm1w0gsda6cIwFvpxBSfq7ESGIimHUaA7I6T6ct4bi/95nVSFl15GeZIqwvF0UZgyqGI4jgd2qSBYsaEmCAuq/wpxHwmElQ7R1CE48ycvkuZp2Tkvn91WitVKHkcBHIIjUAIOuABVcANqoAEweATP4BW8GU/Gi/FufExbl4x85gD8gfH5A/Y9nRI=</latexit>

Tµ⌫ = Tµ⌫
q + Tµ⌫

g
<latexit sha1_base64="4H7WD9H0G02t99B/8j0WFES5qGg="></latexit>

Tµ⌫
g = �Fµ�F ⌫

� +
1

4
gµ⌫F 2With                                                       and

<latexit sha1_base64="xN80m3dUpfPkZv5O3BxqmteBbAU=">AAACGHicbZDNTgIxFIU7+D/+oS7dNBIDLMQZMOrGhMSNyzERIWGAdMoFGjudSdsxIehjuPFV3LjQGLfsfBvLyELBkzT5cu69ub0niDlT2nG+rMzC4tLyyuqavb6xubWd3dm9VVEiKdRoxCPZCIgCzgTUNNMcGrEEEgYc6sHd5aRevwepWCRu9DCGVkj6gvUYJdpYneyxz4noc8Deg5f3Zcr2RdlrO4WyH7Niu+J3gWvSrhS8Iy9f7GRzTslJhefBnUIOTeV1smO/G9EkBKEpJ0o1XSfWrRGRmlEOj7afKIgJvSN9aBoUJATVGqWHPeJD43RxL5LmCY1T9/fEiIRKDcPAdIZED9RsbWL+V2smunfeGjERJxoE/VnUSzjWEZ6khLtMAtV8aIBQycxfMR0QSag2WdomBHf25Hm4LZfc01Ll+iRXPZnGsYr20QEqIBedoSq6Qh6qIYqe0At6Q+/Ws/VqfVifP60Zazqzh/7IGn8DUOidXg==</latexit>

hP |P 0i = 2P 0(2⇡)3�3(P � P 0)
<latexit sha1_base64="83KXBR+Ysh0Iz+utT60GWlfhM5M="></latexit>

hTµ⌫
f i =

hP |
R
d3r Tµ⌫

f (r)|P i
hP |P i =

hP |Tµ⌫
f (0)|P i
2P 0

<latexit sha1_base64="9MPDHUlhESLFHxM64PN7gp5Xk6g=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhah3ZSkKepGKLhxWcE+oEnLZDJth04mYWYilNClG3/FjQtF3PoJ7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZya+sbm1v57cLO7t7+gXl41JJRIjBp4ohFouMjSRjlpKmoYqQTC4JCn5G2P76Z+e0HIiSN+L2axMQL0ZDTAcVIaalvnrqUKxj0HAGvYanqxrTcc9yAMIV6Tskq982iVbHmgKvEzkgRZGj0zS83iHASEq4wQ1J2bStWXoqEopiRacFNJIkRHqMh6WrKUUikl84fmcJzrQRwEAld+qy5+nsiRaGUk9DXnSFSI7nszcT/vG6iBldeSnmcKMLxYtEgYVBFcJYKDKggWLGJJggLqm+FeIQEwkpnV9Ah2Msvr5JWtWJfVJy7WrFey+LIgxNwBkrABpegDm5BAzQBBo/gGbyCN+PJeDHejY9Fa87IZo7BHxifP9l9l0c=</latexit>Z
d3r = (2⇡)3�3(0)with                                                  and

Form factors:

<latexit sha1_base64="iz4WHN6QT6D3YFa5V9VQE/9ZHew=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5RdLepFKHjxWMF+QLuUbJptY7PJmmSFsvQ/ePGgiFf/jzf/jdl2D1p9MPB4b4aZeUHMmTau++UUlpZXVteK66WNza3tnfLuXkvLRBHaJJJL1QmwppwJ2jTMcNqJFcVRwGk7GF9nfvuRKs2kuDOTmPoRHgoWMoKNlVrh1cPJsNQvV9yqOwP6S7ycVCBHo1/+7A0kSSIqDOFY667nxsZPsTKMcDot9RJNY0zGeEi7lgocUe2ns2un6MgqAxRKZUsYNFN/TqQ40noSBbYzwmakF71M/M/rJia89FMm4sRQQeaLwoQjI1H2OhowRYnhE0swUczeisgIK0yMDSgLwVt8+S9pnVa98+rZba1Sr+VxFOEADuEYPLiAOtxAA5pA4B6e4AVeHek8O2/O+7y14OQz+/ALzsc3fLyOYQ==</latexit>

f = q, g

<latexit sha1_base64="5GM+M7eEl3uZvQN6m3QL+2nu3fo="></latexit>

hP |Tµ⌫
f (0)|P i = 2PµP ⌫Af (0) + 2M2

n gµ⌫ Cf (0)

<latexit sha1_base64="LdmOYbg/hI3OJOB6kfl0NwOGnkY=">AAACKnicbVBLSwMxGMz6rOtr1aOXYBEqhbKrol4KLb14rGAf0F2WbJptQ7MPk6xQlv4eL/4VLz0oxas/xHS7B9s6EBhm5kvyjRczKqRpzrSNza3tnd3Cnr5/cHh0bJyctkWUcExaOGIR73pIEEZD0pJUMtKNOUGBx0jHGzXmfueVcEGj8FmOY+IEaBBSn2IkleQa9br7UjKvICzDujvIWBVatq3bkRqb35o2JotIeVnLwlVoukbRrJgZ4DqxclIEOZquMbX7EU4CEkrMkBA9y4ylkyIuKWZkotuJIDHCIzQgPUVDFBDhpNmqE3iplD70I65OKGGm/p1IUSDEOPBUMkByKFa9ufif10uk/+CkNIwTSUK8eMhPGJQRnPcG+5QTLNlYEYQ5VX+FeIg4wlK1q6sSrNWV10n7umLdVW6ebos1M6+jAM7BBSgBC9yDGngETdACGLyBD/AJvrR3barNtO9FdEPLZ87AErSfX6UMofA=</latexit>

Aq(0) +Ag(0) = 1

Cq(0) + Cg(0) = 0

<latexit sha1_base64="RQDRJXWf2dWqByInNFuN9i5gW5c=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSJ4KrtV1ItQ8OJFqGA/YLst2TTbhmaTJckKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHh00tU0Vog0guVTvEmnImaMMww2k7URTHIaetcHQ79VtPVGkmxaMZJzSI8UCwiBFsrOTXu1V0g+57olvtlcpuxZ0BLRMvJ2XIUe+Vvjp9SdKYCkM41tr33MQEGVaGEU4nxU6qaYLJCA+ob6nAMdVBNjt5gk6t0keRVLaEQTP190SGY63HcWg7Y2yGetGbiv95fmqi6yBjIkkNFWS+KEo5MhJN/0d9pigxfGwJJorZWxEZYoWJsSkVbQje4svLpFmteJeV84eLcs3N4yjAMZzAGXhwBTW4gzo0gICEZ3iFN8c4L8678zFvXXHymSP4A+fzB0Q6j+U=</latexit>

P 2 = M2
n

<latexit sha1_base64="TpCQgfc3d6RaFVcMJkt7N2ttxr4=">AAACG3icbVDLSgMxFM3UV62vqks3wSLUTZmpom6Eghs3QoW+oNMOd9K0Dc1khiQjlGn/w42/4saFIq4EF/6N6WOhrQcCh3PO5eYeP+JMadv+tlIrq2vrG+nNzNb2zu5edv+gpsJYElolIQ9lwwdFORO0qpnmtBFJCoHPad0f3Ez8+gOVioWioocRbQXQE6zLCGgjedmiy0H0OMXlUaXtAo/64CUunrFx3j4dlV05TWSucfHOE+2il83ZBXsKvEycOcmhOcpe9tPthCQOqNCEg1JNx450KwGpGeF0nHFjRSMgA+jRpqECAqpayfS2MT4xSgd3Q2me0Hiq/p5IIFBqGPgmGYDuq0VvIv7nNWPdvWolTESxpoLMFnVjjnWIJ0XhDpOUaD40BIhk5q+Y9EEC0abOjCnBWTx5mdSKBeeicHZ/nivZ8zrS6Agdozxy0CUqoVtURlVE0CN6Rq/ozXqyXqx362MWTVnzmUP0B9bXD+c0n/4=</latexit>

hP |T↵
↵(0)|P i = 2M2

n
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Mass of Nucleon in QCD

q Decomposition of the trace of EMT:
<latexit sha1_base64="85+Osl3gs2C+LGhyXz6b21rUqfQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WjmSToR3QoecgZNVZ6aJT65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8KVWGM4GzUi/VmFA2pkPsWipphNqfzi+dkTOrDEgYK1vSkLn6e2JKI60nUWA7I2pGetnLxP+8bmrCG3/KZZIalGyxKEwFMTHJ3iYDrpAZMbGEMsXtrYSNqKLM2HCyELzll1dJ66LqXVUv72uVei2PowgncArn4ME11OEOGtAEBiE8wyu8OWPnxXl3PhatBSefOYY/cD5/ANxbjOI=</latexit>

P

Nucleon mass: Gluon quantum effect  +  Chiral symmetry breaking!

Trace of the QCD energy-momentum tensor:

T↵
↵ =

�(g)

2g
Fµ⌫,aF a

µ⌫ +
X

q=u,d,s

mq(1 + �m) q q

QCD trace anomaly Chiral symmetry breaking �(g) = �(11� 2nf/3) g
3/(4⇡)2 + ...

<latexit sha1_base64="XYFXfw+MjrqB6m+ccidvwidQNq4="></latexit>

hP |T↵
↵(0)|P i = 2P 2 = 2M2

n

<latexit sha1_base64="h0F6J/e8q1xOozOdprE4YQ5Kg58="></latexit>

hT↵
↵i =

hP |T↵
↵(0)|P i
2P 0

=
M2

n

P 0

In the nucleon’s rest frame, 

<latexit sha1_base64="+Y9npr+VK7eJe0pNWIfeEq61B7s=">AAACJnicbZDLSgNBEEV7fBtfUZduGoPgKsyoqJuA4MaNoGBUyMShplNJGnt6hu4aIYz5Gjf+ihsXiog7P8XOY+GroOFwbxXVdeNMSUu+/+FNTE5Nz8zOzZcWFpeWV8qra5c2zY3AukhVaq5jsKikxjpJUnidGYQkVngV3x4P/Ks7NFam+oJ6GTYT6GjZlgLISVG5dhppXqrxUIHuKOQXNyGorAtREfIR9Xloht6900zCgXjIDaKlfikqV/yqPyz+F4IxVNi4zqLyS9hKRZ6gJqHA2kbgZ9QswJAUCvulMLeYgbiFDjYcakjQNovhmX2+5ZQWb6fGPU18qH6fKCCxtpfErjMB6trf3kD8z2vk1D5sFlJnOaEWo0XtXHFK+SAz3pIGBameAxBGur9y0QUDglyygxCC3yf/hcudarBf3T3fqxz54zjm2AbbZNssYAfsiJ2wM1Zngj2wJ/bCXr1H79l7895HrRPeeGad/Sjv8wuUfKSd</latexit>

Mn = hT↵
↵i|at reest

The sigma-term can be calculated in LQCD, Need the trace anomaly to test the sum rule!

Without separate the quark from gluon contribution to EMT
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Mass of Nucleon in QCD

q Decomposition of “energy”-operator of EMT:
<latexit sha1_base64="85+Osl3gs2C+LGhyXz6b21rUqfQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WjmSToR3QoecgZNVZ6aJT65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8KVWGM4GzUi/VmFA2pkPsWipphNqfzi+dkTOrDEgYK1vSkLn6e2JKI60nUWA7I2pGetnLxP+8bmrCG3/KZZIalGyxKEwFMTHJ3iYDrpAZMbGEMsXtrYSNqKLM2HCyELzll1dJ66LqXVUv72uVei2PowgncArn4ME11OEOGtAEBiE8wyu8OWPnxXl3PhatBSefOYY/cD5/ANxbjOI=</latexit>

P
Mass is the Energy of the nucleon when it is at Rest!

<latexit sha1_base64="0Je2SRQOzZQXR6XH1uoKoyw+1wI=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBIoRdDWojBGxshAjmAdl1mZ3MJkNmZpeZ2UBYUtr4KzYWitj6CXb+jZNHoYkHLhzOuZd77wkTRpV2nG8rt7S8srqWXy9sbG5t79i7ew0VpxKTOo5ZLFshUoRRQeqaakZaiSSIh4w0w/712G8OiFQ0Fvd6mBCfo66gEcVIGymwD28DAa9g7cHjqVeCgyDLPMkh5qOSUUaFwC46ZWcCuEjcGSmCGWqB/eV1YpxyIjRmSKm26yTaz5DUFDMyKnipIgnCfdQlbUMF4kT52eSRETw2SgdGsTQlNJyovycyxJUa8tB0cqR7at4bi/957VRHl35GRZJqIvB0UZQyqGM4TgV2qCRYs6EhCEtqboW4hyTC2mQ3DsGdf3mRNE7L7nn57K5SrFZmceTBATgCJ8AFF6AKbkAN1AEGj+AZvII368l6sd6tj2lrzprN7IM/sD5/AJl0mGo=</latexit>

Mn = Pµ vcm,µ

<latexit sha1_base64="KxxON2k2N/2omgoRHBOZCGMv4T4=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WsWEqiRd0IBTcuI9gHNDVMptN26EwSZyaFEvIJbvwVNy4UcevSnX/jpO1Cqwcu93DOvczc40eMSmVZX0ZuYXFpeSW/Wlhb39jcMrd3GjKMBSZ1HLJQtHwkCaMBqSuqGGlFgiDuM9L0h1eZ3xwRIWkY3KpxRDoc9QPaoxgpLXnm4SUsOd79ncvjY8frZ/3ILcORlySu4BDztKyltOCZRatiTQD/EntGimAGxzM/3W6IY04ChRmSsm1bkeokSCiKGUkLbixJhPAQ9Ulb0wBxIjvJ5KAUHmilC3uh0BUoOFF/biSISznmvp7kSA3kvJeJ/3ntWPUuOgkNoliRAE8f6sUMqhBm6cAuFQQrNtYEYUH1XyEeIIGw0hlmIdjzJ/8ljZOKfVY5vakWa9VZHHmwB/ZBCdjgHNTANXBAHWDwAJ7AC3g1Ho1n4814n47mjNnOLvgF4+MbUQybfg==</latexit>

= (Pµ
q + Pµ

g ) vcm,µ

Velocity of the Center of Mass

<latexit sha1_base64="EKLqkvxMWmAvEKFzs9+d6tlWAAw=">AAACFXicbVDLSsNAFJ3UV42vqEs3g0WoUEpii7oRCm5cVugLmjZMppN26OTBzEQoIT/hxl9x40IRt4I7/8ZJm4W2HrhwOOde7r3HjRgV0jS/tcLa+sbmVnFb39nd2z8wDo86Iow5Jm0cspD3XCQIowFpSyoZ6UWcIN9lpOtObzO/+0C4oGHQkrOIDHw0DqhHMZJKcoyKPUEyaaZD248dD95A3aaBhKNhjdsV2BomZkU5qeOV+bnuGCWzas4BV4mVkxLI0XSML3sU4tgngcQMCdG3zEgOEsQlxYykuh0LEiE8RWPSVzRAPhGDZP5VCs+UMoJeyFWpk+bq74kE+ULMfFd1+khOxLKXif95/Vh614OEBlEsSYAXi7yYQRnCLCI4opxgyWaKIMypuhXiCeIISxVkFoK1/PIq6VxUrctq7b5eatTzOIrgBJyCMrDAFWiAO9AEbYDBI3gGr+BNe9JetHftY9Fa0PKZY/AH2ucPFd+c0g==</latexit>

P̂µ
f =

Z
d3r T 0,µ

f (r)

Momentum operator:
<latexit sha1_base64="vaoea7LyV1/WEtoNcGljFNRZH2U=">AAACGXicbVDLSsNAFJ34rPEVdelmsAiCUBIt6kYouHFZwT6giWEynbRDZyZxZiKU0N9w46+4caGIS135NyZtFn14YODcc+7lzj1BzKjStv1rLC2vrK6tlzbMza3tnV1rb7+pokRi0sARi2Q7QIowKkhDU81IO5YE8YCRVjC4yf3WE5GKRuJeD2PicdQTNKQY6UzyLdvtI53WRw8uT+A1NKdK/xGeztQ9CE3Tt8p2xR4DLhKnIGVQoO5b3243wgknQmOGlOo4dqy9FElNMSMj000UiREeoB7pZFQgTpSXji8bweNM6cIwktkTGo7V6YkUcaWGPMg6OdJ9Ne/l4n9eJ9HhlZdSESeaCDxZFCYM6gjmMcEulQRrNswIwpJmf4W4jyTCOgszD8GZP3mRNM8qzkXl/K5arlWLOErgEByBE+CAS1ADt6AOGgCDZ/AK3sGH8WK8GZ/G16R1yShmDsAMjJ8/ql2ewg==</latexit>

P̂µ = P̂µ
q + P̂µ

g With                                                     where 
<latexit sha1_base64="iz4WHN6QT6D3YFa5V9VQE/9ZHew=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5RdLepFKHjxWMF+QLuUbJptY7PJmmSFsvQ/ePGgiFf/jzf/jdl2D1p9MPB4b4aZeUHMmTau++UUlpZXVteK66WNza3tnfLuXkvLRBHaJJJL1QmwppwJ2jTMcNqJFcVRwGk7GF9nfvuRKs2kuDOTmPoRHgoWMoKNlVrh1cPJsNQvV9yqOwP6S7ycVCBHo1/+7A0kSSIqDOFY667nxsZPsTKMcDot9RJNY0zGeEi7lgocUe2ns2un6MgqAxRKZUsYNFN/TqQ40noSBbYzwmakF71M/M/rJia89FMm4sRQQeaLwoQjI1H2OhowRYnhE0swUczeisgIK0yMDSgLwVt8+S9pnVa98+rZba1Sr+VxFOEADuEYPLiAOtxAA5pA4B6e4AVeHek8O2/O+7y14OQz+/ALzsc3fLyOYQ==</latexit>

f = q, g

Nucleon momentum:
<latexit sha1_base64="wU7vCKXsgzBROhuuobC3MarQFNI=">AAACK3icbZDLSsNAFIYnXmu8RV26GSyCIJREi7oRim5cRrAXaGKZTKft0MkkzkyEEvo+bnwVF7rwglvfw0mahbY9MPDz/edw5vxBzKhUtv1pLCwuLa+sltbM9Y3NrW1rZ7cho0RgUscRi0QrQJIwykldUcVIKxYEhQEjzWB4nfnNRyIkjfidGsXED1Gf0x7FSGnUsa7cey9M4CX0GOJ9RqA3QCp1xxntPHgih+bxPLdfuB2rbFfsvOCscApRBkW5HevV60Y4CQlXmCEp244dKz9FQlHMyNj0EklihIeoT9pachQS6af5rWN4qEkX9iKhH1cwp38nUhRKOQoD3RkiNZDTXgbnee1E9S78lPI4UYTjyaJewqCKYBYc7FJBsGIjLRAWVP8V4gESCCsdr6lDcKZPnhWNk4pzVjm9rZZr1SKOEtgHB+AIOOAc1MANcEEdYPAEXsA7+DCejTfjy/ietC4Yxcwe+FfGzy+eH6fv</latexit>

Pµ = hP̂µ
q i+ hP̂µ

g i

<latexit sha1_base64="5Chyc8FWBxbJWBX//1NKi4mFo0w="></latexit>

hP̂µ
f i =

hP |P̂µ
f |P i

hP |P i

<latexit sha1_base64="beIlg4PToAz+QN9oWzm3fh1VQ+g=">AAACGnicbVDLSsNAFJ3UV42vqks3g0Wom5LUom6EghuXEfqCpi2T6aQdOpmEmYlQ0nyHG3/FjQtF3Ikb/8Zp2oW2HrhwOOde7r3HixiVyrK+jdza+sbmVn7b3Nnd2z8oHB41ZRgLTBo4ZKFoe0gSRjlpKKoYaUeCoMBjpOWNb2d+64EISUNeV5OIdAM05NSnGCkt9Qv2jesLhBPTZYgPGYHO1Kz3EssN4rTvl6zzqeOKzDHTpOL0rLRfKFplKwNcJfaCFMECTr/w6Q5CHAeEK8yQlB3bilQ3QUJRzEhqurEkEcJjNCQdTTkKiOwm2WspPNPKAPqh0MUVzNTfEwkKpJwEnu4MkBrJZW8m/ud1YuVfdxPKo1gRjueL/JhBFcJZTnBABcGKTTRBWFB9K8QjpKNSOk1Th2Avv7xKmpWyfVm+uK8Wa9VFHHlwAk5BCdjgCtTAHXBAA2DwCJ7BK3gznowX4934mLfmjMXMMfgD4+sHEnOfnA==</latexit>

=
hP |T 0µ

f (0)|P i
2P 0With

Nucleon mass:
<latexit sha1_base64="fgUNVk2AAEpiAqxQ4l/HjP5CRb8="></latexit>

Mn =
X

f=q,g

hP |T 00
f (0)|P i
2P 0

�����
cm

Note:                                 is NOT a physical observable!
<latexit sha1_base64="He4gKinq/p/zL5mi9jXwtpHbZO0=">AAACCnicbVDLSsNAFJ3UV42vqEs3o0Wom5JoUZcFNy4j9AVtDJPppB06mYSZiVDSrt34K25cKOLWL3Dn35ikWWjrgQuHc+7l3nu8iFGpTPNbK62srq1vlDf1re2d3T1j/6Atw1hg0sIhC0XXQ5IwyklLUcVINxIEBR4jHW98k/mdByIkDXlTTSLiBGjIqU8xUqnkGsd9hviQEWhP9eZ9Ypoz16+aZ1No90Vu6K5RMWtmDrhMrIJUQAHbNb76gxDHAeEKMyRlzzIj5SRIKIoZmen9WJII4TEakl5KOQqIdJL8lRk8TZUB9EORFlcwV39PJCiQchJ4aWeA1Eguepn4n9eLlX/tJJRHsSIczxf5MYMqhFkucEAFwYpNUoKwoOmtEI+QQFil6WUhWIsvL5P2ec26rF3c1SuNehFHGRyBE1AFFrgCDXALbNACGDyCZ/AK3rQn7UV71z7mrSWtmDkEf6B9/gB4YpjP</latexit>

hP |T 00
f (0)|P i
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<latexit sha1_base64="85+Osl3gs2C+LGhyXz6b21rUqfQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WjmSToR3QoecgZNVZ6aJT65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8KVWGM4GzUi/VmFA2pkPsWipphNqfzi+dkTOrDEgYK1vSkLn6e2JKI60nUWA7I2pGetnLxP+8bmrCG3/KZZIalGyxKEwFMTHJ3iYDrpAZMbGEMsXtrYSNqKLM2HCyELzll1dJ66LqXVUv72uVei2PowgncArn4ME11OEOGtAEBiE8wyu8OWPnxXl3PhatBSefOYY/cD5/ANxbjOI=</latexit>

P<latexit sha1_base64="fgUNVk2AAEpiAqxQ4l/HjP5CRb8="></latexit>

Mn =
X

f=q,g

hP |T 00
f (0)|P i
2P 0

�����
cm

§ Decompose the RHS into a sum of several gauge invariant terms
§ Decomposition is not unique, since only the sum is a physical observable
§ Usefulness – Each term can be related to physical observables with controllable approximations 
§ Individual contribution to the nucleon mass – physical interpretation of each term (?)

q Ji’s decomposition:
Tµ⌫ = Tµ⌫ + dTµ⌫Let 

<latexit sha1_base64="eXIJEzyHwAuEx3zLxMimcFzlhZU="></latexit>

dTµ⌫ =
1

4
gµ⌫T↵

↵With                                                       and
<latexit sha1_base64="0rDMQhMGJ4MgZ5uB8SHtTr9yxLI=">AAACFnicbVDLSsNAFJ3UV42vqEs3wSK4qCXRoi4LblxW6AuaWCaTSTt0MgkzE6WEfIUbf8WNC0Xcijv/xkmbRW09MHA45x7u3OPFlAhpWT9aaWV1bX2jvKlvbe/s7hn7Bx0RJRzhNopoxHseFJgShtuSSIp7Mccw9CjueuOb3O8+YC5IxFpyEmM3hENGAoKgVNLAOHMiZefptHWfOmHisCTLqk5Vdx6Jj0dQzusDo2LVrCnMZWIXpAIKNAfGt+NHKAkxk4hCIfq2FUs3hVwSRHGmO4nAMURjOMR9RRkMsXDT6VmZeaIU3wwirh6T5lSdT6QwFGISemoyhHIkFr1c/M/rJzK4dlPC4kRihmaLgoSaMjLzjkyfcIwknSgCESfqryYaQQ6RVE3qqgR78eRl0jmv2Ze1i7t6pVEv6iiDI3AMToENrkAD3IImaAMEnsALeAPv2rP2qn1on7PRklZkDsEfaF+/2ZKgZQ==</latexit>

Tµ⌫ , dTµ⌫ Renormalized separately, in different Lorentz representations

<latexit sha1_base64="D8gSWNE/c5FeKpIg8kUBnRg5e90="></latexit>

Tµ⌫ = Tµ⌫ � 1

4
gµ⌫T↵

↵

<latexit sha1_base64="fgUNVk2AAEpiAqxQ4l/HjP5CRb8="></latexit>

Mn =
X

f=q,g

hP |T 00
f (0)|P i
2P 0

�����
cm

Quark Energy Gluon Energy Quark Mass

Trace Anomaly 

Relativistic motion Quantum fluctuationχ Symmetry Breaking 

= Mq +Mg +Mm +Ma

<latexit sha1_base64="ju6Xl0T7jek1J0uQZ/V2jen5Adc=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiAxVQkgYKzEwlikvqQmRI7rtFYdJ9gOUhXlD7DwV1gYQIiVnY1/g5NmgJaTLJ3u7rP9nR8zKpVlfRuVpeWV1bXqem1jc2t7x9zd68ooEZh0cMQi0feRJIxy0lFUMdKPBUGhz0jPn1znfu+BCEkj3lbTmLghGnEaUIyUljzzyGGIjxiBTqRj+S1pO/Pu71LLyqAjCq/mmXWrYRWAi8QuSR2UaHnmlzOMcBISrjBDUg5sK1ZuioSimJGs5iSSxAhP0IgMNOUoJNJNi20yeKyVIQwioQ9XsFB/T6QolHIa+joZIjWW814u/ucNEhVcuSnlcaIIx7OHgoRBFcG8GjikgmDFppogLKj+K8RjJBBWusC8BHt+5UXSPW3YF42z2/N60yrrqIIDcAhOgA0uQRPcgBboAAwewTN4BW/Gk/FivBsfs2jFKGf2wR8Ynz8jipuJ</latexit>

hT 00
q i

<latexit sha1_base64="UrF8LVmifm3cYyod8bskHT/BNnw=">AAACDXicbVA7T8MwGHR4lvIKMLJYFCSmKgEEjJVYGIvUl9SEyHGd1KrjRLaDVEX5Ayz8FRYGEGJlZ+Pf4KQZoOUkS6e7+2x/5yeMSmVZ38bS8srq2npto765tb2za+7t92ScCky6OGaxGPhIEkY56SqqGBkkgqDIZ6TvT24Kv/9AhKQx76hpQtwIhZwGFCOlJc88dhjiISPQiXWsuCXr5F54n1lWDh1RenXPbFhNqwRcJHZFGqBC2zO/nFGM04hwhRmScmhbiXIzJBTFjOR1J5UkQXiCQjLUlKOISDcrt8nhiVZGMIiFPlzBUv09kaFIymnk62SE1FjOe4X4nzdMVXDtZpQnqSIczx4KUgZVDItq4IgKghWbaoKwoPqvEI+RQFjpAosS7PmVF0nvrGlfNs/vLhotq6qjBg7BETgFNrgCLXAL2qALMHgEz+AVvBlPxovxbnzMoktGNXMA/sD4/AET1pt/</latexit>

hT 00
g i

<latexit sha1_base64="TW5SXNjrst6ZRR61ZpGEG6ziabo=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KhkVdVlw47JCX9CpJZPetqGZzJhklDL0A9z4K25cKOLWD3Dn35iZdqGtBwKHc87l5h4/ElwbQr6d3NLyyupafr2wsbm1vVPc3WvoMFYM6iwUoWr5VIPgEuqGGwGtSAENfAFNf3SV+s17UJqHsmbGEXQCOpC8zxk1VuoWS56gciAAew+8B0Nqktqke3ebEDLBnsqsgk2RMsmAF4k7IyU0Q7Vb/PJ6IYsDkIYJqnXbJZHpJFQZzgRMCl6sIaJsRAfQtlTSAHQnyY6Z4COr9HA/VPZJgzP190RCA63HgW+TATVDPe+l4n9eOzb9y07CZRQbkGy6qB8LbEKcNoN7XAEzYmwJZYrbv2I2pIoyY/tLS3DnT14kjZOye14+vTkrVcisjjw6QIfoGLnoAlXQNaqiOmLoET2jV/TmPDkvzrvzMY3mnNnMPvoD5/MHL0ybAQ==</latexit>

h bT 00
q i

<latexit sha1_base64="8wiPc8PCqWEOJcBDsE1l+kBtWjE=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSqKiLgtuXFboC5pYJpPbdOhkEmYmSgn5ADf+ihsXirj1A9z5N07TLrT1wMDhnHO5c4+fcKa0bX9bS8srq2vrpY3y5tb2zm5lb7+t4lRSaNGYx7LrEwWcCWhppjl0Ewkk8jl0/NH1xO/cg1QsFk09TsCLSCjYgFGijdSvVF1ORMgBuw8sgCHRWTPvh3eZbefYlYVVNim7ZhfAi8SZkSqaodGvfLlBTNMIhKacKNVz7ER7GZGaUQ552U0VJISOSAg9QwWJQHlZcUyOj40S4EEszRMaF+rviYxESo0j3yQjoodq3puI/3m9VA+uvIyJJNUg6HTRIOVYx3jSDA6YBKr52BBCJTN/xXRIJKHa9DcpwZk/eZG0T2vORe3s9rxat2d1lNAhOkInyEGXqI5uUAO1EEWP6Bm9ojfryXqx3q2PaXTJms0coD+wPn8AH5ia9w==</latexit>

h bT 00
g i

q Decomposition of “energy”-operator of EMT:
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q Physics interpretation:
Quark Energy            : 

<latexit sha1_base64="ju6Xl0T7jek1J0uQZ/V2jen5Adc=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiAxVQkgYKzEwlikvqQmRI7rtFYdJ9gOUhXlD7DwV1gYQIiVnY1/g5NmgJaTLJ3u7rP9nR8zKpVlfRuVpeWV1bXqem1jc2t7x9zd68ooEZh0cMQi0feRJIxy0lFUMdKPBUGhz0jPn1znfu+BCEkj3lbTmLghGnEaUIyUljzzyGGIjxiBTqRj+S1pO/Pu71LLyqAjCq/mmXWrYRWAi8QuSR2UaHnmlzOMcBISrjBDUg5sK1ZuioSimJGs5iSSxAhP0IgMNOUoJNJNi20yeKyVIQwioQ9XsFB/T6QolHIa+joZIjWW814u/ucNEhVcuSnlcaIIx7OHgoRBFcG8GjikgmDFppogLKj+K8RjJBBWusC8BHt+5UXSPW3YF42z2/N60yrrqIIDcAhOgA0uQRPcgBboAAwewTN4BW/Gk/FivBsfs2jFKGf2wR8Ynz8jipuJ</latexit>

hT 00
q i

Quark Mass              :  

Trace Anomaly         : 

Gluon Energy            : 
<latexit sha1_base64="UrF8LVmifm3cYyod8bskHT/BNnw=">AAACDXicbVA7T8MwGHR4lvIKMLJYFCSmKgEEjJVYGIvUl9SEyHGd1KrjRLaDVEX5Ayz8FRYGEGJlZ+Pf4KQZoOUkS6e7+2x/5yeMSmVZ38bS8srq2npto765tb2za+7t92ScCky6OGaxGPhIEkY56SqqGBkkgqDIZ6TvT24Kv/9AhKQx76hpQtwIhZwGFCOlJc88dhjiISPQiXWsuCXr5F54n1lWDh1RenXPbFhNqwRcJHZFGqBC2zO/nFGM04hwhRmScmhbiXIzJBTFjOR1J5UkQXiCQjLUlKOISDcrt8nhiVZGMIiFPlzBUv09kaFIymnk62SE1FjOe4X4nzdMVXDtZpQnqSIczx4KUgZVDItq4IgKghWbaoKwoPqvEI+RQFjpAosS7PmVF0nvrGlfNs/vLhotq6qjBg7BETgFNrgCLXAL2qALMHgEz+AVvBlPxovxbnzMoktGNXMA/sD4/AET1pt/</latexit>

hT 00
g i

<latexit sha1_base64="TW5SXNjrst6ZRR61ZpGEG6ziabo=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KhkVdVlw47JCX9CpJZPetqGZzJhklDL0A9z4K25cKOLWD3Dn35iZdqGtBwKHc87l5h4/ElwbQr6d3NLyyupafr2wsbm1vVPc3WvoMFYM6iwUoWr5VIPgEuqGGwGtSAENfAFNf3SV+s17UJqHsmbGEXQCOpC8zxk1VuoWS56gciAAew+8B0Nqktqke3ebEDLBnsqsgk2RMsmAF4k7IyU0Q7Vb/PJ6IYsDkIYJqnXbJZHpJFQZzgRMCl6sIaJsRAfQtlTSAHQnyY6Z4COr9HA/VPZJgzP190RCA63HgW+TATVDPe+l4n9eOzb9y07CZRQbkGy6qB8LbEKcNoN7XAEzYmwJZYrbv2I2pIoyY/tLS3DnT14kjZOye14+vTkrVcisjjw6QIfoGLnoAlXQNaqiOmLoET2jV/TmPDkvzrvzMY3mnNnMPvoD5/MHL0ybAQ==</latexit>

h bT 00
q i

<latexit sha1_base64="8wiPc8PCqWEOJcBDsE1l+kBtWjE=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSqKiLgtuXFboC5pYJpPbdOhkEmYmSgn5ADf+ihsXirj1A9z5N07TLrT1wMDhnHO5c4+fcKa0bX9bS8srq2vrpY3y5tb2zm5lb7+t4lRSaNGYx7LrEwWcCWhppjl0Ewkk8jl0/NH1xO/cg1QsFk09TsCLSCjYgFGijdSvVF1ORMgBuw8sgCHRWTPvh3eZbefYlYVVNim7ZhfAi8SZkSqaodGvfLlBTNMIhKacKNVz7ER7GZGaUQ552U0VJISOSAg9QwWJQHlZcUyOj40S4EEszRMaF+rviYxESo0j3yQjoodq3puI/3m9VA+uvIyJJNUg6HTRIOVYx3jSDA6YBKr52BBCJTN/xXRIJKHa9DcpwZk/eZG0T2vORe3s9rxat2d1lNAhOkInyEGXqI5uUAO1EEWP6Bm9ojfryXqx3q2PaXTJms0coD+wPn8AH5ia9w==</latexit>

h bT 00
g i

<latexit sha1_base64="H7Acdcsdj+eG8xsc4ZE2mLYjqcM=">AAACGHicbZDLSgMxFIYz9VbrrerSTbAIFUqdqaJuhIIblxXsBTrtkMlkamiSGZKMtAx9DDe+ihsXirjtzrcxvSy09UDg4//P4eT8fsyo0rb9bWVWVtfWN7Kbua3tnd29/P5BQ0WJxKSOIxbJlo8UYVSQuqaakVYsCeI+I02/fzvxm09EKhqJBz2MSYejnqAhxUgbycufuQyJHiNwAF05JS/M3bhUaM/uOjAYuCVjhcVByeVJt3Lq5Qt22Z4WXAZnDgUwr5qXH7tBhBNOhMYMKdV27Fh3UiQ1xYyMcm6iSIxwH/VI26BAnKhOOj1sBE+MEsAwkuYJDafq74kUcaWG3DedHOlHtehNxP+8dqLD605KRZxoIvBsUZgwqCM4SQkGVBKs2dAAwpKav0L8iCTC2mSZMyE4iycvQ6NSdi7L5/cXhao9jyMLjsAxKAIHXIEquAM1UAcYPINX8A4+rBfrzfq0vmatGWs+cwj+lDX+AWYBngk=</latexit>

hxif =

Z 1

0
dx xf(x, µ2)

Parton momentum fraction:

Quark sigma-term:
<latexit sha1_base64="gswG/3+2zU36S88zXcPoBsTc8Vs="></latexit>

�q =
hP | q(0)mq q(0)|P i

2P 0

q LQCD calculation:

Note:           and       are calculable in lattice QCD 
<latexit sha1_base64="khgse61d1nc0JfcxGJuNhLSOJnY=">AAAB+3icbZDNSsNAFIUn9a/Wv1iXbgaL4KokKuqy4MZlBVsLTQiT6U07dDIJMxNpCX0VNy4UceuLuPNtnKZZaOuBgY9z7+XeOWHKmdKO821V1tY3Nreq27Wd3b39A/uw3lVJJil0aMIT2QuJAs4EdDTTHHqpBBKHHB7D8e28/vgEUrFEPOhpCn5MhoJFjBJtrMCue5yIIQc88WQBQRTYDafpFMKr4JbQQKXagf3lDRKaxSA05USpvuuk2s+J1IxymNW8TEFK6JgMoW9QkBiUnxe3z/CpcQY4SqR5QuPC/T2Rk1ipaRyazpjokVquzc3/av1MRzd+zkSaaRB0sSjKONYJngeBB0wC1XxqgFDJzK2YjogkVJu4aiYEd/nLq9A9b7pXzYv7y0bLKeOoomN0gs6Qi65RC92hNuogiiboGb2iN2tmvVjv1seitWKVM0foj6zPH/M0lFY=</latexit>

hxif <latexit sha1_base64="7F/2jDlVPt9mc+wvrviIwpYYy5Q=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeAF48RzAOSJcxOZpMh89jMzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6m/mtJ6oNU/LRThIaCjyQLGYEWye1u4YNBO6Ne+WKX/XnQKskyEkFctR75a9uX5FUUGkJx8Z0Aj+xYYa1ZYTTaambGppgMsID2nFUYkFNmM3vnaIzp/RRrLQradFc/T2RYWHMRESuU2A7NMveTPzP66Q2vg0zJpPUUkkWi+KUI6vQ7HnUZ5oSyyeOYKKZuxWRIdaYWBdRyYUQLL+8SpoX1eC6evlwVan5eRxFOIFTOIcAbqAG91CHBhDg8Ayv8OaNvRfv3ftYtBa8fOYY/sD7/AEkBo/9</latexit>�q

Access the trace anomaly
Indirectly?

Or by experiment?
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Mass of Nucleon in QCD

q Other decompositions: EPJC78 (2018),  JHEP09 (2020) PRD102 (2020) 

Without separate EMT into traceless piece – mixing of terms via renormalizations

C.L., EPJC78 (2018) q Compare to Ji’s decomposition:

Matter of interpretations!   Key is how can we measure each term with controllable approximations!
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The Role of the Trace Anomaly

q The Trace Anomaly from LQCD:

“Well-defined operator, but complicated 
renormalization pattern, and suppressed 
signal-to-noise ratio”

M. Constantinou 
@ the 3rd Proton Mass workshop

“Use sum rules to extract trace anomaly 
indirectly” - a consistent check

Sum rule:

q The Trace Anomaly from JLab12 + EIC:

Figure 7.26: Projection of the trace anomaly 
contribution to the proton mass (Ma/Mp) with
U photoproduction on the proton at the EIC

EIC Yellow Report
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Extract the Trace Anomaly from Experiments
q QCD Trace Anomaly:

T↵
↵ =

�(g)

2g
Fµ⌫,aF a

µ⌫ +
X

q=u,d,s

mq(1 + �m) q q

QCD trace anomaly

<latexit sha1_base64="BX05HnFofm6r5kMFwiKfzevZkb0=">AAACBHicbZDLSsNAFIYnXmu9RV12EyyCCymJFnVZEMRlBXuBJpbJdNIOnZmEuQglZOHGV3HjQhG3PoQ738ZJm4W2/jDwzX/OYeb8YUKJVK77bS0tr6yurZc2yptb2zu79t5+W8ZaINxCMY1FN4QSU8JxSxFFcTcRGLKQ4k44vsrrnQcsJIn5nZokOGBwyElEEFTG6tuV6/vUZ9rn+gRmhmHWL+5ZuW9X3Zo7lbMIXgFVUKjZt7/8QYw0w1whCqXseW6ighQKRRDFWdnXEicQjeEQ9wxyyLAM0ukSmXNknIETxcIcrpyp+3sihUzKCQtNJ4NqJOdruflfradVdBmkhCdaYY5mD0WaOip28kScAREYKToxAJEg5q8OGkEBkTK55SF48ysvQvu05p3Xzm7r1Ua9iKMEKuAQHAMPXIAGuAFN0AIIPIJn8ArerCfrxXq3PmatS1YxcwD+yPr8Ad9QmDQ=</latexit>

Fµ⌫,aF a
µ⌫ Is a scalar, and high twist!

q Diffractive heavy quarkonium production:

Two gluons may not be factorized into
<latexit sha1_base64="BX05HnFofm6r5kMFwiKfzevZkb0=">AAACBHicbZDLSsNAFIYnXmu9RV12EyyCCymJFnVZEMRlBXuBJpbJdNIOnZmEuQglZOHGV3HjQhG3PoQ738ZJm4W2/jDwzX/OYeb8YUKJVK77bS0tr6yurZc2yptb2zu79t5+W8ZaINxCMY1FN4QSU8JxSxFFcTcRGLKQ4k44vsrrnQcsJIn5nZokOGBwyElEEFTG6tuV6/vUZ9rn+gRmhmHWL+5ZuW9X3Zo7lbMIXgFVUKjZt7/8QYw0w1whCqXseW6ighQKRRDFWdnXEicQjeEQ9wxyyLAM0ukSmXNknIETxcIcrpyp+3sihUzKCQtNJ4NqJOdruflfradVdBmkhCdaYY5mD0WaOip28kScAREYKToxAJEg5q8OGkEBkTK55SF48ysvQvu05p3Xzm7r1Ua9iKMEKuAQHAMPXIAGuAFN0AIIPIJn8ArerCfrxXq3PmatS1YxcwD+yPr8Ad9QmDQ=</latexit>

Fµ⌫,aF a
µ⌫

D. Kharzeev
1996

Using a slow-moving dipole approximation to
measure the scale field response

<latexit sha1_base64="pDyDcmDPHhIYRIXKdPrZl4X7MqQ=">AAACAnicbVDLSsNAFJ34rPEVdSVuBovgqiS1qMuCIC4j2Ae0sUymk3boZBJmJkJJixt/xY0LRdz6Fe78GydpFtp64MLhnHu59x4/ZlQq2/42lpZXVtfWSxvm5tb2zq61t9+UUSIwaeCIRaLtI0kY5aShqGKkHQuCQp+Rlj+6yvzWAxGSRvxOjWPihWjAaUAxUlrqWYddhviAEehOzOv7Kpy4XZELZs8q2xU7B1wkTkHKoIDbs766/QgnIeEKMyRlx7Fj5aVIKIoZmZrdRJIY4REakI6mHIVEemn+whSeaKUPg0jo4grm6u+JFIVSjkNfd4ZIDeW8l4n/eZ1EBZdeSnmcKMLxbFGQMKgimOUB+1QQrNhYE4QF1bdCPEQCYaVTy0Jw5l9eJM1qxTmvnN3WyvVaEUcJHIFjcAoccAHq4Aa4oAEweATP4BW8GU/Gi/FufMxal4xi5gD8gfH5A0IKlgU=</latexit>

hP |F 2|P i
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Extract the Trace Anomaly from Experiments

q Is the VMD valid near threshold? 

Near threshold:

Might be too large for the VMD approximation!

q Taking advantage of the measured t-distribution to get the nucleon’s mass radius:

Define:

Mass radius:

Dipole model for the Form Factor:



16

Extract the Trace Anomaly from Experiments

q Hall C also measured J/psi photo-production near the threshold: Z.-E. Meziani

• First ever determination of the t-dependence 
of the cross section as a function of photon 
energy near threshold.

• Highly sensitive to s-channel resonances
• Only showing electron data, muon data is an 

independent experiment with same statistics 
but different systematics
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Extract the Trace Anomaly from Experiments

q Holographic approach: Boussarie & Hatta et al, 
Phys.Rev.D 101 (2020) 11, 114004) 

d�

dt
=

↵em

4(W 2 �M2
p )

2
⌃pol⌃spin

���hP |~✏ · ~J(0)|P 0pi
���
2

How to calculate the scattering amplitude?  

hP |~✏ · ~J(q)|P 0pi = (2⇡)4�4(P + q � P 0 � p)hP |~✏ · ~J(0)|P 0pi

Y. Hatta, D.L. Yang (1801.02163) – gauge/string duality:

Trace Anomaly

Gluon from
Traceless Tμν

Dilaton field– 5D gravitational constant

�tot =

Z tmax

tmin

d�

dt
dt
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Extract the Trace Anomaly from Experiments
q Holographic approach - dilton:
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Extract the Trace Anomaly from Experiments
q Photo-production – fitting GlueX data:
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Extract the Trace Anomaly from Experiments
q Lepton production at high Q2 – Need EIC: Boussarie & Hatta et al, 

Phys.Rev.D 101 (2020) 11, 114004) 

High Q2 allows to use OPE

Large Sl-p can still be near threshold:
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Summary and Outlook

Thanks!

q Need a three-pronged approach to explore the origin nucleon mass

§ Can we find a way to calculate the trace anomaly in LQCD?

q Nucleon mass is the charge of gravitational force, impacts every sectors of our physical world! 

Non-perturbative QCD generates a new scale: 

§ Mass decomposition – roles of the constituents – but, not unique!
§ lattice QCD – calculations of individual terms
§ Experimental measurements of individual terms – EIC is capable of 

measuring the trace anomaly, but more theory work is needed

q Questions and challenges:

q Nucleon mass closely connected to quantum anomalies

§ How well can we control the approximations?

§ How well can we extract the trace anomaly from experiments?
§ … …


