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U.S. - based Electron-Ion Collider 

q  A	  long	  journey	  –	  a	  joint	  effort	  of	  the	  full	  community:	  

…	  three	  profound	  quesFons:	  
	  	  	  	  	  	  How	  does	  the	  mass	  of	  the	  nucleon	  arise?	  
	  	  	  	  	  	  How	  does	  the	  spin	  of	  the	  nucleon	  arise?	  
	  	  	  	  	  	  What	  are	  the	  emergent	  properFes	  of	  dense	  systems	  of	  gluons?	  

“…	  answer	  science	  quesFons	  that	  are	  compelling,	  
	  	  	  	  	  	  fundamental,	  and	  Fmely,	  and	  help	  maintain	  U.S.	  
	  	  	  	  	  	  scienFfic	  leadership	  in	  nuclear	  physics.”	  

… … 

A	  new	  era	  to	  explore	  the	  emergent	  phenomena	  of	  QCD!	  

q On	  January	  9,	  2020:	  
The	  U.S.	  DOE	  announced	  the	  selecEon	  of	  BNL	  as	  the	  site	  for	  the	  Electron-‐Ion	  Collider	  	  



Emergent Hadron Properties from QCD 

q Spin – intrinsic to a particle: 

= Angular momentum of  the particle when it is at the rest 

² QCD angular momentum density in terms of  energy-momentum tensor 

Operator	  -‐	  Same	  for	  	  
all	  hadrons	  

² Hadron Spin: 

If  we do not understand hadron mass & spin, we do not know QCD!  

Sh(µ) =
hh(p), s| Jz(µ) |h(p), si

hh(p), s|h(p), si

����
Rest frame

<latexit sha1_base64="V0p1rvcBrUgkFhXY8hd1CoPeois="></latexit>

² Hadron Mass: 

h = ⇡,K, p, n, ...

<latexit sha1_base64="ViFgS4UFlsd9p7KK2gLsAsCCohM=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyChxCSUlAPQsGL4KWCrYU2lM120y7dbJbdjRBC/StePCji1R/izX/jts1BWx8MPN6bYWZeKBhV2vO+rdLa+sbmVnm7srO7t39gHx51VJJKTNo4YYnshkgRRjlpa6oZ6QpJUBwy8hBOrmf+wyORiib8XmeCBDEacRpRjLSRBnZ1fNUX1IG3DhQO5A50XXdg1zzXmwOuEr8gNVCgNbC/+sMEpzHhGjOkVM/3hA5yJDXFjEwr/VQRgfAEjUjPUI5iooJ8fvwUnhplCKNEmuIaztXfEzmKlcri0HTGSI/VsjcT//N6qY4ugpxykWrC8WJRlDKoEzhLAg6pJFizzBCEJTW3QjxGEmFt8qqYEPzll1dJp+76DffyrlFr1os4yuAYnIAz4INz0AQ3oAXaAIMMPINX8GY9WS/Wu/WxaC1ZxUwV/IH1+QOgSpIi</latexit>

Depending	  on	  the	  state	  

Mh(µ) =
hh(p)|

R
d

3
xT

00(µ) |h(p)i
hh(p)|h(p)i

����
Rest frame

<latexit sha1_base64="BjqvT3sQ+njMKus/r111r1r1Ems="></latexit>

q Mass – intrinsic to a particle: 

= Energy of  the particle when it is at the rest 

² QCD energy-momentum tensor in terms of  quarks and gluons 

Operator	  -‐	  Same	  for	  	  
all	  hadrons	  

Tµ⌫ =
1

2
 
h
iD(µ�⌫)

i
 +

1

4
gµ⌫ F 2 � Fµ↵F ⌫

↵

<latexit sha1_base64="d/3/ruxJkOxpd1h8fltqqTH1Pcc="></latexit>



The Proton Mass 

q Nucleon mass – dominates the mass of  visible world: 

Higgs mechanism is not enough!!! 

How to quantify and verify this, theoretically and experimentally? 

q How does QCD generate the nucleon mass? 
“… The vast majority of  the nucleon’s mass is due to quantum 
fluctuations of  quark-antiquark pairs, the gluons, and the energy 
associated with quarks moving around at close to the speed of  light. …” 

The 2015 Long Range Plan for Nuclear Science 

REACHING FOR THE HORIZON  

“Mass without mass!” 



Nucleon Mass vs Pion Mass 

q Nucleon mass from Lattice QCD calculation: 

Unexpected behavior !! 

Martin Savage @ Temple meeting 



Hadron Mass from Lattice QCD 

Input 

q Hadron mass from Lattice QCD calculation: 

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



The Proton Mass: from Models to QCD 

q Dynamical scale: 

A dynamical scale,              , consistent with   ⇤QCD
1

R
⇠ 200 MeV

²  Asymptotic freedom             confinement:  

q Constituent 
quark 
model: 

²  Spontaneous chiral symmetry breaking: 

Massless quarks gain ~300 MeV mass 
when traveling in vacuum 

Mp ⇠ 3me↵
q ⇠ 900 MeV

q Bag model: 

² Minimize               :  Kq + Tb

²  Bag energy (bag constant B): Tb =
4

3
⇡R3 B

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

Mp ⇠ 4

R(fm)
197.3(MeVfm)

<latexit sha1_base64="bwBCwVQcQD0+gioGUT5rRWzZyEQ=">AAACHXicbZDLSsNAFIYnXmu9VV26GSxC3ZSkBmp3BTduClXsBZoQJtNJO3QmCTMToYS8iBtfxY0LRVy4Ed/GaZuFtv4w8POdczhzfj9mVCrT/DbW1jc2t7YLO8Xdvf2Dw9LRcVdGicCkgyMWib6PJGE0JB1FFSP9WBDEfUZ6/uR6Vu89ECFpFN6raUxcjkYhDShGSiOvZLe8GDqScugEAuHUztI7WEkdwWHAs4sMWo169TInLdKdU69UNqvmXHDVWLkpg1xtr/TpDCOccBIqzJCUA8uMlZsioShmJCs6iSQxwhM0IgNtQ8SJdNP5dRk812QIg0joFyo4p78nUsSlnHJfd3KkxnK5NoP/1QaJCq7clIZxokiIF4uChEEVwVlUcEgFwYpNtUFYUP1XiMdIp6R0oEUdgrV88qrp1qqWXW3c2uVmLY+jAE7BGagAC9RBE9yANugADB7BM3gFb8aT8WK8Gx+L1jUjnzkBf2R8/QBuHJ+W</latexit>

²  Proton radius: 

R(PDG) = 0.8414(19) fm

<latexit sha1_base64="tlqAmCNajioWYhySEfJ+X8x5dBE=">AAACDHicbVDLSsNAFJ34rPVVdelmsAjtpiQlYLsQCgq6rGIf0IYymU7aoTNJmJkIJcS9G3/FjQtF3PoB7vwbp2kW2npg4HDOudy5xw0Zlco0v42V1bX1jc3cVn57Z3dvv3Bw2JZBJDBp4YAFousiSRj1SUtRxUg3FARxl5GOO7mY+Z17IiQN/Ds1DYnD0cinHsVIaWlQKN6W4r7gsHl5lZThOTQrNduyYcmqlx9Sw+OJTpkVMwVcJlZGiiBDc1D46g8DHHHiK8yQlD3LDJUTI6EoZiTJ9yNJQoQnaER6mvqIE+nE6TEJPNXKEHqB0M9XMFV/T8SISznlrk5ypMZy0ZuJ/3m9SHk1J6Z+GCni4/kiL2JQBXDWDBxSQbBiU00QFlT/FeIxEggr3V9el2AtnrxM2tWKZVfqN3axUc3qyIFjcAJKwAJnoAGuQRO0AAaP4Bm8gjfjyXgx3o2PeXTFyGaOwB8Ynz9a0JgB</latexit>

²  Proton mass: 

Mp ⇠ 936� 940 MeV

<latexit sha1_base64="dD3OWbQdBTWPNTiPtKJsSTq5caQ=">AAACBXicbVC7SgNBFJ31GeNr1VKLwSDYGHZjUNMFbGwCEcwDsssyO5lNhszMLjOzQlhiYeOv2FgoYus/2Pk3Th6FJh64cDjnXu69J0wYVdpxvq2l5ZXVtfXcRn5za3tn197bb6o4lZg0cMxi2Q6RIowK0tBUM9JOJEE8ZKQVDq7HfuueSEVjcaeHCfE56gkaUYy0kQL7qBYk0FOUw8r5BTyDlbLzkHmSwxppjgK74BSdCeAicWekAGaoB/aX141xyonQmCGlOq6TaD9DUlPMyCjvpYokCA9Qj3QMFYgT5WeTL0bwxChdGMXSlNBwov6eyBBXashD08mR7qt5byz+53VSHV35GRVJqonA00VRyqCO4TgS2KWSYM2GhiAsqbkV4j6SCGsTXN6E4M6/vEiapaJbLlZuy4VqaRZHDhyCY3AKXHAJquAG1EEDYPAInsEreLOerBfr3fqYti5Zs5kD8AfW5w/qj5ZF</latexit>

Mp(PDG) = 938.272 MeV

<latexit sha1_base64="YMrMnb0kJK62wyQaUpqM5h9nzh4=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4tQNyWphbYLoaCgm0IF+4A2hMl02g6dScLMRCghrt34K25cKOLWH3Dn3zhts9DWAxcO59zLvfe4AaNSmea3kVpb39jcSm9ndnb39g+yh0dt6YcCkxb2mS+6LpKEUY+0FFWMdANBEHcZ6biTy5nfuSdCUt+7U9OA2ByNPDqkGCktOdlcwwkKUV9w2Ly6js/gBaydV4ulSulhLjZIO3ayebNozgFXiZWQPEjQdLJf/YGPQ048hRmSsmeZgbIjJBTFjMSZfihJgPAEjUhPUw9xIu1o/ksMT7UygENf6PIUnKu/JyLEpZxyV3dypMZy2ZuJ/3m9UA2rdkS9IFTEw4tFw5BB5cNZMHBABcGKTTVBWFB9K8RjJBBWOr6MDsFafnmVtEtFq1ys3Zbz9VISRxqcgBwoAAtUQB3cgCZoAQwewTN4BW/Gk/FivBsfi9aUkcwcgz8wPn8Az5WYWQ==</latexit>

Meson is different, especially the pion! 



Pion, Kaon and Proton Mass in QCD 

q QCD: 

LQCD(m) = �1

4
F a
µ⌫F

µ⌫a +  i [i(�
µDµ)ij �m�ij ] j

<latexit sha1_base64="QbqWJTFjxDthcg9xx9Qj0gZruHs="></latexit>

q Hadron mass (in any frame): 

hh(p)|Tµ⌫ |h(p)i / pµp⌫

<latexit sha1_base64="CW8tJqjMjBEummK7mhZCBipGqHI=">AAACIXicbVDLTgIxFO34RHyNunTTSExwQ2YIibgjceMSE14JA6RTCjR0Ok0fJmTgV9z4K25caAw748/YARYK3qTN6Tn35vacUDCqtOd9OVvbO7t7+5mD7OHR8cmpe3beULGRmNRxzGLZCpEijHJS11Qz0hKSoChkpBmO71O9+USkojGv6YkgnQgNOR1QjLSlem45YIgPGYGjvLiZ1rpJEJmAm9k0fQdyqWUDIWOhYyi6Vk5vbnpuzit4i4KbwF+BHFhVtefOg36MTUS4xgwp1fY9oTsJkppiRmbZwCgiEB6jIWlbyFFEVCdZOJzBa8v04SCW9nANF+zviQRFSk2i0HZGSI/UupaS/2ltowflTkK5MJpwvFw0MAxas2lcsE8lwZpNLEBYUvtXiEdIIqxtqFkbgr9ueRM0igW/VLh7LOUqxVUcGXAJrkAe+OAWVMADqII6wOAZvIJ38OG8OG/OpzNftm45q5kL8Kec7x9Gq6OP</latexit>

hh(p)|Tµ
µ|h(p)i / p2 = M2

h

<latexit sha1_base64="QTv9NtqaVT87m9ZDUsTU8EPwAKc="></latexit>

Same           for:  Tµ⌫

<latexit sha1_base64="EbyvmPM2d8I0z6OHMyUiKB6eGMk=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyGgHoLePEYIS/MrmF2MpsMmZld5iGEJX/hxYMiXv0bb/6Nk2QPmljQUFR1090VpYwq7XnfTmFjc2t7p7hb2ts/ODwqH590VGIkJm2csET2IqQIo4K0NdWM9FJJEI8Y6UaT27nffSJS0US09DQlIUcjQWOKkbbSQ+sxC7gJhJkNyhWv6i3grhM/JxXI0RyUv4Jhgg0nQmOGlOr7XqrDDElNMSOzUmAUSRGeoBHpWyoQJyrMFhfP3AurDN04kbaEdhfq74kMcaWmPLKdHOmxWvXm4n9e3+j4OsyoSI0mAi8XxYa5OnHn77tDKgnWbGoJwpLaW108RhJhbUMq2RD81ZfXSadW9evVm/t6pVHL4yjCGZzDJfhwBQ24gya0AYOAZ3iFN0c5L86787FsLTj5zCn8gfP5A9j9kQE=</latexit>

hP (p)|Tµ
µ|P (p)i = M2

p ⇠ (938MeV)2

<latexit sha1_base64="xsg8bZwsDDeV8ToppZSpj4fKL0Q="></latexit>

h⇡(p)|Tµ
µ|⇡(p)i = M2

⇡ ⇠ (139MeV)2

<latexit sha1_base64="2DhqHHnRsW8SNAkCq+yUZhwI77I="></latexit>

hK(p)|Tµ
µ|K(p)i = M2

K ⇠ (497MeV)2

<latexit sha1_base64="ujjkjdEN5jtrdEXxOZBcnHLX6iw="></latexit>

⌧ M2
p

<latexit sha1_base64="vYm9epVZa8i5Bcj5jFoMcta9Oxc=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktBfVW8OJFqGA/pF1LNs22oUl2SbJCWforvHhQxKs/x5v/xmy7B219MPB4b4aZeUHMmTau++0U1tY3NreK26Wd3b39g/LhUVtHiSK0RSIeqW6ANeVM0pZhhtNurCgWAaedYHKd+Z0nqjSL5L2ZxtQXeCRZyAg2Vnroc45uB/FjbVCuuFV3DrRKvJxUIEdzUP7qDyOSCCoN4VjrnufGxk+xMoxwOiv1E01jTCZ4RHuWSiyo9tP5wTN0ZpUhCiNlSxo0V39PpFhoPRWB7RTYjPWyl4n/eb3EhJd+ymScGCrJYlGYcGQilH2PhkxRYvjUEkwUs7ciMsYKE2MzKtkQvOWXV0m7VvXq1au7eqVRy+Mowgmcwjl4cAENuIEmtICAgGd4hTdHOS/Ou/OxaC04+cwx/IHz+QPvl4/Q</latexit>

No massive bound state!  

q Poincare Invariance: 
@µ T

µ⌫ = 0

<latexit sha1_base64="4Q+0myQFNWw+Se3lpTf3opJo6/U=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuJAyUwrqQii4cVmhN+iMQybNtKFJZkgyQhm6cuOruHGhiFufwZ1vY6btQlt/CHz85xxOzh8mjCrtON9WYWV1bX2juFna2t7Z3bP3D9oqTiUmLRyzWHZDpAijgrQ01Yx0E0kQDxnphKObvN55IFLRWDT1OCE+RwNBI4qRNlZgH3sJkpoiFng89c5h8z7LQaSTa+iUArvsVJyp4DK4cyiDuRqB/eX1Y5xyIjRmSKme6yTaz/IVmJFJyUsVSRAeoQHpGRSIE+Vn0zMm8NQ4fRjF0jyh4dT9PZEhrtSYh6aTIz1Ui7Xc/K/WS3V06WdUJKkmAs8WRSmDOoZ5JrBPJcGajQ0gLKn5K8RDJBHWJrk8BHfx5GVoVyturXJ1VyvXq/M4iuAInIAz4IILUAe3oAFaAINH8AxewZv1ZL1Y79bHrLVgzWcOwR9Znz/stpgV</latexit>

q Global scale invariance for                      :                      
Classically,  

Tµ⌫ gµ⌫ = Tµ
µ = 0

<latexit sha1_base64="j/scDEH0E6IoCsxkvDEekkE/dWA=">AAACFXicbZBNS8MwGMfT+TbnW9Wjl+AQPIzRjoF6GAy8eJywN1hrSbN0C0vTkqTCKPsSXvwqXjwo4lXw5rcx3Sro5gMhP/7/5yF5/n7MqFSW9WUU1tY3NreK26Wd3b39A/PwqCujRGDSwRGLRN9HkjDKSUdRxUg/FgSFPiM9f3Kd+b17IiSNeFtNY+KGaMRpQDFSWvLMSvsudcLE4cnMqYy8H4YNuDBmWqpkdwNaJc8sW1VrXnAV7BzKIK+WZ346wwgnIeEKMyTlwLZi5aZIKIoZmZWcRJIY4QkakYFGjkIi3XS+1QyeaWUIg0jowxWcq78nUhRKOQ193RkiNZbLXib+5w0SFVy6KeVxogjHi4eChEEVwSwiOKSCYMWmGhAWVP8V4jESCCsdZBaCvbzyKnRrVbtevbqtl5u1PI4iOAGn4BzY4AI0wQ1ogQ7A4AE8gRfwajwaz8ab8b5oLRj5zDH4U8bHN5bynmI=</latexit>

LQCD(m = 0)

<latexit sha1_base64="E/UWT12ezTMWIOfcePJAOiAmr3A=">AAACAnicbVDLSsNAFJ34rPEVdSVuBotQNyUpBXUhFOrChYsW7AOaECbTSTt0JgkzE6GE4MZfceNCEbd+hTv/xqTNQlsPXDiccy/33uNFjEplmt/ayura+sZmaUvf3tnd2zcODrsyjAUmHRyyUPQ9JAmjAekoqhjpR4Ig7jHS8ybN3O89ECFpGNyraUQcjkYB9SlGKpNc4zixMWLwLnUTW3DYbt6kFX5tnuu6a5TNqjkDXCZWQcqgQMs1vuxhiGNOAoUZknJgmZFyEiQUxYykuh1LEiE8QSMyyGiAOJFOMnshhWeZMoR+KLIKFJypvycSxKWcci/r5EiN5aKXi/95g1j5l05CgyhWJMDzRX7MoAphngccUkGwYtOMICxodivEYyQQVllqeQjW4svLpFurWvXqVbtebtSKOErgBJyCCrDABWiAW9ACHYDBI3gGr+BNe9JetHftY966ohUzR+APtM8fQFyVWg==</latexit>

Dµ ⌘ Tµ⌫ x
µ

<latexit sha1_base64="9IDwMnx1hkAtlzuEevKFYDpjarc=">AAACEXicbZDLSgMxFIYzXmu9jbp0EyxCF1JmSkHdFXThskJv0KlDJk3b0ExmzKVYhnkFN76KGxeKuHXnzrcx03ahrT8EvvznHJLzBzGjUjnOt7Wyura+sZnbym/v7O7t2weHTRlpgUkDRywS7QBJwignDUUVI+1YEBQGjLSC0VVWb42JkDTidTWJSTdEA077FCNlLN8uJh5GDF6nvhdq6JF7Tcew7ifm5nGdemcPdxmned8uOCVnKrgM7hwKYK6ab395vQjrkHCFGZKy4zqx6iZIKIoZSfOeliRGeIQGpGOQo5DIbjLdKIWnxunBfiTM4QpO3d8TCQqlnISB6QyRGsrFWmb+V+to1b/oJpTHWhGOZw/1NYMqglk8sEcFwYpNDCAsqPkrxEMkEFYmxCwEd3HlZWiWS26ldHlbKVTL8zhy4BicgCJwwTmoghtQAw2AwSN4Bq/gzXqyXqx362PWumLNZ47AH1mfP0o7nUg=</latexit>

@

µDµ = 0 = [@µ
Tµ⌫ ]x

µ + Tµ⌫ g
µ⌫

<latexit sha1_base64="d3tq0HWAkqRzIOx0QT3Xajky95Q="></latexit>

Dilaton current: 

x ! e

�↵
x

<latexit sha1_base64="qlrtAwm2s97q4pVMZQM5W8YvSH0=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwYklKQb0VvHisYD+gjWWznbRLN5uwu5GGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZ58ecKe0439ba+sbm1nZhp7i7t39waB8dt1SUSApNGvFIdnyigDMBTc00h04sgYQ+h7Y/vpn57UeQikXiXqcxeCEZChYwSrSR+nZpgns6wvCQXfQIj0dkiid9u+xUnDnwKnFzUkY5Gn37qzeIaBKC0JQTpbquE2svI1IzymFa7CUKYkLHZAhdQwUJQXnZ/PgpPjPKAAeRNCU0nqu/JzISKpWGvukMiR6pZW8m/ud1Ex1ceRkTcaJB0MWiIOHYvDtLAg+YBKp5agihkplbMR0RSag2eRVNCO7yy6ukVa24tcr1Xa1cr+ZxFNAJOkXnyEWXqI5uUQM1EUUpekav6M16sl6sd+tj0bpm5TMl9AfW5w/ejpQ+</latexit>



Pion, Kaon and Proton Mass in QCD 

q Sources of  hadron mass:                      

Quantum mechanically,  

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 + ...

Need to know:                                             and                                 independently! hh(p)|Fµ⌫,aF a
µ⌫ |h(p)i

<latexit sha1_base64="bks0m2ldaIRKH2HTtPRpihz45nc=">AAACHXicbVDLSsNAFJ34tr6iLt0MFkFBSlIK6k4QxKWCfUCTlpvptB2cTMLMRChpfsSNv+LGhSIu3Ih/4zTNQq0HBg7nnMude4KYM6Ud58uam19YXFpeWS2trW9sbtnbOw0VJZLQOol4JFsBKMqZoHXNNKetWFIIA06bwd3FxG/eU6lYJG71KKZ+CAPB+oyANlLXrnkcxIBTPDyMj8aXndQLE08kx5BddguedVLIxqVJwJN5uGuXnYqTA88StyBlVOC6a394vYgkIRWacFCq7Tqx9lOQmhFOs5KXKBoDuYMBbRsqIKTKT/PrMnxglB7uR9I8oXGu/pxIIVRqFAYmGYIeqr/eRPzPaye6f+qnTMSJpoJMF/UTjnWEJ1XhHpOUaD4yBIhk5q+YDEEC0abQkinB/XvyLGlUK26tcnZTK59XizpW0B7aR4fIRSfoHF2ha1RHBD2gJ/SCXq1H69l6s96n0TmrmNlFv2B9fgOkraI+</latexit>

hh(p)| q q|h(p)i

<latexit sha1_base64="Z1jpSb/+P4M91pZOoKNASdwLuLM=">AAACG3icbVBNS8MwGE79nPWr6tFLcAjzMtoxUG8DLx4nuA9YR0mzdAtL0y5JhdHtf3jxr3jxoIgnwYP/xrTrQTdfCHl4nud9k/fxY0alsu1vY219Y3Nru7Rj7u7tHxxaR8dtGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fjjm0zvPBAhacTv1TQm/RANOQ0oRkpTnlVzGeJDRuCoEl/M3Eh7s1GpG0s69yYwu73JzMxkV+RWzyrbVTsvuAqcApRBUU3P+nQHEU5CwhVmSMqeY8eqnyKhKGZkbrqJJDHCYzQkPQ05Consp/luc3iumQEMIqEPVzBnf3ekKJRyGvraGSI1kstaRv6n9RIVXPVTyuNEEY4XDwUJgyqCWVBwQAXBik01QFhQ/VeIR0ggrHScpg7BWV55FbRrVadevb6rlxu1Io4SOAVnoAIccAka4BY0QQtg8AiewSt4M56MF+Pd+FhY14yi5wT8KePrBzJIoXs=</latexit>

Vacuum expectation 
breaks chiral symmetry 

q  Isolate the traceless term: 

Tµ⌫ = Tµ⌫ + dTµ⌫

Traceless term:  Tµ⌫ ⌘ Tµ⌫ � 1

4
gµ⌫T↵

↵

Trace term:  dTµ⌫ ⌘ 1

4
gµ⌫T↵

↵



X. Ji, PRL (1995) 

Decomposition and Sum Rules  

² Hadron state: 

With the normalization:   

² Hamiltonian: 
hP |HQCD|P i = (E2/Mp)(2⇡)

3�3(0)

hP |Tµ⌫ |P i = PµP ⌫/Mp No          term!  gµ⌫
² QCD energy-momentum tensor: 

Tµ⌫ = Tµ⌫ + dTµ⌫

hP |Tµ⌫ |P i = (PµP ⌫ � 1

4
M2

p gµ⌫)/Mp hP | bTµ⌫ |P i = 1

4
Mp g

µ⌫

=
1

4
Mp

hP |
R
d

3
x

b
T

00|P i
hP |P i

�����
at rest

=
3

4
Mp

hP |
R
d

3
xT

00|P i
hP |P i

�����
at rest

“Traceless” term “Trace” term 

q Mass in hadron’s rest frame: 

q Sum rules for Proton Mass: 

= Mq +Mg +Mm +Ma

Quark Energy Gluon Energy Quark Mass Trace Anomaly  

Relativistic motion 

Mp =
hP |

R
d

3
xT

00|P i
hP |P i

����
at rest

χ Symmetry Breaking Quantum fluctuation 



q  Identities: 

hP |
R
d

3
xT

↵
↵|P i

hP |P i = 4
hP |

R
d

3
x

b
T

00|P i
hP |P i

�����
at rest

=
4

3

hP |
R
d

3
xT

00|P i
hP |P i

�����
at rest

q  Trace terms: 

bTµ⌫ = bTµ⌫
m + bTµ⌫

a hP | bTµ⌫
m |P i ⌘ b

1

4
Mp g

µ⌫ hP | bTµ⌫
a |P i ⌘ [1� b]

1

4
Mp g

µ⌫

hP |
R
d

3
x

b
T

00
m |P i

hP |P i

�����
at rest

hP |
R
d

3
x

b
T

00
a |P i

hP |P i

�����
at rest

= b
1

4
Mp = [1� b]

1

4
Mp

Decomposition and Sum Rules  

q  Traceless terms: 
T

µ⌫
= T

µ⌫
q + T

µ⌫
g

hP |Tµ⌫
q |P i ⌘ a(µ2)(PµP ⌫ � 1

4
M2

p gµ⌫)/Mp

hP |Tµ⌫
g |P i ⌘ [1� a(µ2)](PµP ⌫ � 1

4
M2

p gµ⌫)/MP

hP |
R
d

3
xT

00
q |P i

hP |P i

�����
at rest

= a(µ2)
3

4
Mp

hP |
R
d

3
xT

00
g |P i

hP |P i

�����
at rest

= [1� a(µ2)]
3

4
Mp



q Roles of  quarks and gluons? 
² Quark energy contribution: 

Mq =
hP |Hq|P i
hP |P i

����
at rest

² Gluon energy contribution: 

Mg =
hP |Hg|P i
hP |P i

����
at rest

= (1� a)
3

4
Mp

= (a� b)
3

4
Mp

= bMp

² Quark mass contribution: 
Mm =

hP |Hm|P i
hP |P i

����
at rest

²  Trace anomaly contribution: 

Ha =

Z
d3~x

9↵s

16⇡
(E2 �B2) Ma =

hP |Ha|P i
hP |P i

����
at rest

= (1� b)
1

4
Mp

Decomposition and Sum Rules  
X. Ji, PRL (1995) 

Need to connect “a” and “b” to physical observables independently! 

= Mq +Mg +Mm +Ma

Quark Energy Gluon Energy Quark Mass Trace Anomaly  

Relativistic motion 

Mp =
hP |

R
d

3
xT

00|P i
hP |P i

����
at rest

χ Symmetry Breaking Quantum fluctuation 



q Physical meaning of  “a”: 

Decomposition and Sum Rules  

Total momentum fraction carried by the quarks & gluons are measurable 

Let                 and               : ⌫ ! +

<latexit sha1_base64="7LoIGBUy7oOR4T+SRkYMEHMUdbw=">AAAB73icbVDLSgMxFL3js9ZX1aWbYBEEocyUgroruHFZwT6gM5RMmmlDM5kxuSOU0p9w40IRt/6OO//GtJ2Fth4IHM65l9xzwlQKg6777aytb2xubRd2irt7+weHpaPjlkkyzXiTJTLRnZAaLoXiTRQoeSfVnMah5O1wdDvz209cG5GoBxynPIjpQIlIMIpW6vgq8zEhl71S2a24c5BV4uWkDDkavdKX309YFnOFTFJjup6bYjChGgWTfFr0M8NTykZ0wLuWKhpzE0zm907JuVX6JEq0fQrJXP29MaGxMeM4tJMxxaFZ9mbif143w+g6mAiVZsgVW3wUZZLYiLPwpC80ZyjHllCmhb2VsCHVlKGtqGhL8JYjr5JWteLVKjf3tXK9mtdRgFM4gwvw4ArqcAcNaAIDCc/wCm/Oo/PivDsfi9E1J985gT9wPn8AdemPjw==</latexit>

µ ! +

<latexit sha1_base64="f0guFcoJw1EPmiT7WJwqF0+FN7o=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIsgCGWmFNRdwY3LCvYBnaFk0kwbmmSmSUYoQ3/CjQtF3Po77vwb03YW2nogcDjnXnLPCRPOtHHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2E47u533miSrNYPpppQgOBh5JFjGBjpa4vUt/E6KpfrrhVdwG0TrycVCBHs1/+8gcxSQWVhnCsdc9zExNkWBlGOJ2V/FTTBJMxHtKepRILqoNsce8MXVhlgKJY2ScNWqi/NzIstJ6K0E4KbEZ61ZuL/3m91EQ3QcZkkhoqyfKjKOXIRpyHRwOmKDF8agkmitlbERlhhYmxFZVsCd5q5HXSrlW9evX2oV5p1PI6inAG53AJHlxDA+6hCS0gwOEZXuHNmTgvzrvzsRwtOPnOKfyB8/kDdF+Pjg==</latexit>

hP |Tµ⌫
q |P i ⌘ a(µ2)(PµP ⌫ � 1

4
M2

p gµ⌫)/Mp

q Physical meaning of  “b”: 

hP | bTµ⌫
m |P i ⌘ b

1

4
Mp g

µ⌫
b =

1

Mp

hP |
R
d

3
~x  m |P i

hP |P i

<latexit sha1_base64="k9yM+ZOoN8felP8kkH2W+3AZui4="></latexit>

Need independent measurement of  the trace anomaly!  

T↵
↵ =

�(g)

2g
Fµ⌫,aF a

µ⌫ +
X

q=u,d,s

mq(1 + �m) q q

QCD trace anomaly Chiral symmetry breaking 

aq(µ
2) =

Z
dx x

⇥
q(x, µ2) + q̄(x, µ2)

⇤

<latexit sha1_base64="tW7BMJjfJzBH5FItM/zaPQV0XzM="></latexit>

ag(µ
2) =

Z
dx x g(x, µ2)

<latexit sha1_base64="OLPVd1LUbttP7nafG/3r/w8Zkp4=">AAACDnicbVDLSsNAFJ34rPEVdelmsBQqSElKQV0IBTcuK9gHNDFMJpN06OTBzERaQr/Ajb/ixoUibl2782+ctllo64ELh3Pu5d57vJRRIU3zW1tZXVvf2Cxt6ds7u3v7xsFhRyQZx6SNE5bwnocEYTQmbUklI72UExR5jHS94fXU7z4QLmgS38lxSpwIhTENKEZSSa5RQW5YtaPsvn4Kr6BNYwn9EbThyNbD6uiscFyjbNbMGeAysQpSBgVarvFl+wnOIhJLzJAQfctMpZMjLilmZKLbmSApwkMUkr6iMYqIcPLZOxNYUYoPg4SrUvfM1N8TOYqEGEee6oyQHIhFbyr+5/UzGVw4OY3TTJIYzxcFGYMygdNsoE85wZKNFUGYU3UrxAPEEZYqQV2FYC2+vEw69ZrVqF3eNsrNehFHCRyDE1AFFjgHTXADWqANMHgEz+AVvGlP2ov2rn3MW1e0YuYI/IH2+QObK5lD</latexit>



q Quark mass contribution – the “b”-term: 

bMp = hP |muuu+mddd|P i+ hP |msss|P i+ ...(heavy flavors)

q  The first term – πN  σ-term: 

with 

Both lattice QCD and phenomenological  
analyses give: 

�⇡N ⇠ 45� 50 MeV

Decomposition and Sum Rules  

Light quarks: u+d 

0.046(7)(23) GeV 

YBY, PRD94, 054503 (2016)  q  The second term – strange scalar charge: 
Light strange quark: 

Both lattice QCD and phenomenological  
analyses give: 

�KN ⇠ 360� 400 MeV
Ma 

Mg 

Mq 
Mm 

Need measurement and calculation of  trace anomaly! 



Pion and Kaon Mass 

q  The derivation of  above decomposition is valid for all 
hadrons except “massless” one: 

At the chiral limit,  m⇡ = 0

<latexit sha1_base64="NbaNrCZenMzjAz/HIw3vxzh8HwY=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyWgnoQCl48VrCt0i4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXpgIbqznfaPC2vrG5lZxu7Szu7d/UD48aps41ZS1aCxi/RASwwRXrGW5Fewh0YzIULBOOL6Z+Z0npg2P1b2dJCyQZKh4xCmxTnqU/V7C8TX2+uWKV/XmwKvEz0kFcjT75a/eIKapZMpSQYzp+l5ig4xoy6lg01IvNSwhdEyGrOuoIpKZIJsfPMVnThngKNaulMVz9fdERqQxExm6TknsyCx7M/E/r5va6DLIuEpSyxRdLIpSgW2MZ9/jAdeMWjFxhFDN3a2Yjogm1LqMSi4Ef/nlVdKuVf169equXmnU8jiKcAKncA4+XEADbqEJLaAg4Rle4Q1p9ILe0ceitYDymWP4A/T5A3O7j34=</latexit>

h⇡(p)|Tµ
µ|⇡(p)i = m2

⇡ ! 0

<latexit sha1_base64="ejl+mE8BEBRre25FF8JdCkXkOZA=">AAACJnicbVBLSwMxGMz6rPVV9eglWIQKUnZLQT0UCl48VugLuu2STdM2NMkuSVYo2/4aL/4VLx4qIt78KWbbPWjrByHDzHwkM37IqNK2/WVtbG5t7+xm9rL7B4dHx7mT06YKIolJAwcskG0fKcKoIA1NNSPtUBLEfUZa/vg+0VtPRCoaiLqehKTL0VDQAcVIG8rLVVyGxJAR6Ia0EF5N673Y5dHMi93r5J4uaVcuTdkK5J6heiXo6gDaXi5vF+3FwHXgpCAP0ql5ubnbD3DEidCYIaU6jh3qboykppiRWdaNFAkRHqMh6RgoECeqGy9izuClYfpwEEhzhIYL9vdGjLhSE+4bJ0d6pFa1hPxP60R6cNuNqQgjTQRePjSIGDQRk85gn0qCNZsYgLCk5q8Qj5BEWJtms6YEZzXyOmiWik65ePdYzldLaR0ZcA4uQAE44AZUwQOogQbA4Bm8gjl4t16sN+vD+lxaN6x05wz8Gev7B4icpH0=</latexit>

DCSB – see Roberts’ talk 

q Do not have to choose the rest frame: 

T↵
↵ =

�(g)

2g
Fµ⌫,aF a

µ⌫ +
X

q=u,d,s

mq(1 + �m) q q hh(p)|T↵
↵|h(p)i = M2

h

<latexit sha1_base64="+i+dtnuw+F2cQ/p7tb4vKZQKEN0=">AAACIHicbVBNS8NAFNz4WetX1KOXxSJUkJKUQvUgCF68CBWsCk0bXrbbZnGzCbsbocT+FC/+FS8eFNGb/hq3bQ7aOrAwzMzj7Zsg4Uxpx/my5uYXFpeWCyvF1bX1jU17a/taxakktEliHsvbABTlTNCmZprT20RSiAJOb4K7s5F/c0+lYrG40oOEtiPoC9ZjBLSRfLvucRB9TnFYTg4erjqZBzwJYehn3mFOH0aWJyex4gm+8MNO1bdLTsUZA88SNycllKPh259eNyZpRIUmHJRquU6i2xlIzQinw6KXKpoAuYM+bRkqIKKqnY0PHOJ9o3RxL5bmCY3H6u+JDCKlBlFgkhHoUE17I/E/r5Xq3lE7YyJJNRVksqiXcqxjPGoLd5mkRPOBIUAkM3/FJAQJRJtOi6YEd/rkWXJdrbi1yvFlrXRazesooF20h8rIRXV0is5RAzURQY/oGb2iN+vJerHerY9JdM7KZ3bQH1jfPz18olM=</latexit>

Need to know:                                             and                                 independently! hh(p)|Fµ⌫,aF a
µ⌫ |h(p)i

<latexit sha1_base64="bks0m2ldaIRKH2HTtPRpihz45nc=">AAACHXicbVDLSsNAFJ34tr6iLt0MFkFBSlIK6k4QxKWCfUCTlpvptB2cTMLMRChpfsSNv+LGhSIu3Ih/4zTNQq0HBg7nnMude4KYM6Ud58uam19YXFpeWS2trW9sbtnbOw0VJZLQOol4JFsBKMqZoHXNNKetWFIIA06bwd3FxG/eU6lYJG71KKZ+CAPB+oyANlLXrnkcxIBTPDyMj8aXndQLE08kx5BddguedVLIxqVJwJN5uGuXnYqTA88StyBlVOC6a394vYgkIRWacFCq7Tqx9lOQmhFOs5KXKBoDuYMBbRsqIKTKT/PrMnxglB7uR9I8oXGu/pxIIVRqFAYmGYIeqr/eRPzPaye6f+qnTMSJpoJMF/UTjnWEJ1XhHpOUaD4yBIhk5q+YDEEC0abQkinB/XvyLGlUK26tcnZTK59XizpW0B7aR4fIRSfoHF2ha1RHBD2gJ/SCXq1H69l6s96n0TmrmNlFv2B9fgOkraI+</latexit>

hh(p)| q q|h(p)i

<latexit sha1_base64="Z1jpSb/+P4M91pZOoKNASdwLuLM=">AAACG3icbVBNS8MwGE79nPWr6tFLcAjzMtoxUG8DLx4nuA9YR0mzdAtL0y5JhdHtf3jxr3jxoIgnwYP/xrTrQTdfCHl4nud9k/fxY0alsu1vY219Y3Nru7Rj7u7tHxxaR8dtGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fjjm0zvPBAhacTv1TQm/RANOQ0oRkpTnlVzGeJDRuCoEl/M3Eh7s1GpG0s69yYwu73JzMxkV+RWzyrbVTsvuAqcApRBUU3P+nQHEU5CwhVmSMqeY8eqnyKhKGZkbrqJJDHCYzQkPQ05Consp/luc3iumQEMIqEPVzBnf3ekKJRyGvraGSI1kstaRv6n9RIVXPVTyuNEEY4XDwUJgyqCWVBwQAXBik01QFhQ/VeIR0ggrHScpg7BWV55FbRrVadevb6rlxu1Io4SOAVnoAIccAka4BY0QQtg8AiewSt4M56MF+Pd+FhY14yi5wT8KePrBzJIoXs=</latexit>

hP |Tµ⌫ |P i = (PµP ⌫ � 1

4
M2

p gµ⌫)/Mp

q Contribution from the traceless term: 

We could choose                 and                (or         ): µ ! +

<latexit sha1_base64="8lAbKv4CiOCpuZoPRuBnZw9zaLA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIsgCGWmFKq7ghuXFexDOkPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YW2nogcDjnXnLPCRPOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpOFaFtEvNY9UKsKWeStg0znPYSRbEIOe2Gk9u5332iSrNYPphpQgOBR5JFjGBjpUdfpMg3MboalCtu1V0ArRMvJxXI0RqUv/xhTFJBpSEca9333MQEGVaGEU5nJT/VNMFkgke0b6nEguogWxw8QxdWGaIoVvZJgxbq740MC62nIrSTApuxXvXm4n9ePzXRdZAxmaSGSrL8KEo5shHn6dGQKUoMn1qCiWL2VkTGWGFibEclW4K3GnmddGpVr169ua9XmrW8jiKcwTlcggcNaMIdtKANBAQ8wyu8Ocp5cd6dj+Vowcl3TuEPnM8fy6+PuA==</latexit>

⌫ ! �

<latexit sha1_base64="UJ9rNdywA53DNo8XYH5BZqGCrVU=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgxjJTCtVdwY3LCvYhnaFk0kwbmmSGJCOUoV/hxoUibv0cd/6NaTsLbT0QOJxzL7nnhAln2rjut1PY2Nza3inulvb2Dw6PyscnHR2nitA2iXmseiHWlDNJ24YZTnuJoliEnHbDye3c7z5RpVksH8w0oYHAI8kiRrCx0qMvU+SbGF0NyhW36i6A1omXkwrkaA3KX/4wJqmg0hCOte57bmKCDCvDCKezkp9qmmAywSPat1RiQXWQLQ6eoQurDFEUK/ukQQv190aGhdZTEdpJgc1Yr3pz8T+vn5roOsiYTFJDJVl+FKUc2Yjz9GjIFCWGTy3BRDF7KyJjrDAxtqOSLcFbjbxOOrWqV6/e3NcrzVpeRxHO4BwuwYMGNOEOWtAGAgKe4RXeHOW8OO/Ox3K04OQ7p/AHzucP0EKPuw==</latexit>

We do not have to choose “00” components and the rest frame 

Need to find new observables sensitive to these high-twist operators!  

Ji, 2003.04478 

Mp = 2 hh(p) |T+�
(0) |h(p)i

<latexit sha1_base64="M0v2wmHsW9Uat3YWaU5LxCA4ZwE="></latexit>

Aslan, Qiu 
In preparation 

??

<latexit sha1_base64="gwaGBnTx3MxKmEK5dqmyGh932a4=">AAAB8XicbVBNSwMxEJ2tX7V+VT16WSyCp7JbCuqt4MVjBfuB7VKy6Wwbms2GJCuU0n/hxYMiXv033vw3pts9aOuDhMd7M8zMCyVn2njet1PY2Nza3inulvb2Dw6PyscnbZ2kimKLJjxR3ZBo5ExgyzDDsSsVkjjk2Akntwu/84RKs0Q8mKnEICYjwSJGibHSY1+iktk3KFe8qpfBXSd+TiqQozkof/WHCU1jFIZyonXP96QJZkQZRjnOS/1UoyR0QkbYs1SQGHUwyzaeuxdWGbpRouwTxs3U3x0zEms9jUNbGRMz1qveQvzP66Umug5mTMjUoKDLQVHKXZO4i/PdIVNIDZ9aQqhidleXjoki1NiQSjYEf/XkddKuVf169ea+XmnU8jiKcAbncAk+XEED7qAJLaAg4Ble4c3Rzovz7nwsSwtO3nMKf+B8/gDYDZEA</latexit>



Pion and Kaon Structure 

q Pion decays, and there is no stable pion target 

q Pion beam: 
Talking	  advantage	  of	  Fme-‐dilaFon,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Drell-‐Yan	  process	  	  	  ⇡ + p ! `+`� +X

<latexit sha1_base64="vMxURNM6TQPKPVTzymrEGoVG9tQ=">AAACBXicbVBLSwMxGMzWV62vVY96CBZBKJbdUlBvBS8eK9gHdNeSTbNtaDYbkqxQll68+Fe8eFDEq//Bm//GdLsHbR1IGGa+j2QmEIwq7TjfVmFldW19o7hZ2tre2d2z9w/aKk4kJi0cs1h2A6QIo5y0NNWMdIUkKAoY6QTj65nfeSBS0Zjf6YkgfoSGnIYUI22kvn3sCQorUEBPx9AjjN1XsvvciN2+XXaqTga4TNyclEGOZt/+8gYxTiLCNWZIqZ7rCO2nSGqKGZmWvEQRgfAYDUnPUI4iovw0SzGFp0YZwDCW5nANM/X3RooipSZRYCYjpEdq0ZuJ/3m9RIeXfkq5SDTheP5QmDBoEs8qgQMqCdZsYgjCkpq/QjxCEmFtiiuZEtzFyMukXau69erVbb3cqOV1FMEROAFnwAUXoAFuQBO0AAaP4Bm8gjfryXqx3q2P+WjByncOwR9Ynz8OVJZX</latexit>

Precision	  of	  pion	  structure	  depends	  on	  our	  knowledge	  of	  proton	  structure	  	  

q  Lattice QCD: 

²  Collinear	  factorizaFon:	   Vanishes	  under	  T	  

–	  using	  a	  vector-‐axial-‐vector	  correlaFon	  as	  an	  example	  

²  Lowest	  order	  coefficient	  funcFons:	  

Sufian	  et	  al.	  
PRD99	  (2019)	  074507	  



Current-Current Correlators 

q  “Laace	  cross	  secFon”	  of	  	  V-‐A	  current	  correlator:	  
Sufian	  et	  al.	  JLab	  
PRD99	  (2019)	  074507	  

q  Extracted	  pion	  valence	  quark	  distribuFon:	  

Sufian	  et	  al.	  @	  DNP19	  



Comparison	  of	  pion	  PDF	  from	  different	  approaches	  
M.	  ConstanFnou	  @	  DNP19	  



Summary and outlook 

q  Hadron mass is an emergent phenomenon of  QCD dynamics 

q  Good decomposition should work for both proton, pion, and … 

Thanks! 

q  Decomposition of  hadron mass (or sum rule) is not unique: 

A decomposition is valuable iff  individual terms can be measured or 
calculated independently with controllable approximations 

None of  the individual terms are physical, owing to the confinement 

Individual terms are local matrix elements of  quark/gluon operators 

hP (p)|Tµ
µ|P (p)i = M2

p ⇠ (938MeV)2
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h⇡(p)|Tµ
µ|⇡(p)i = M2

⇡ ⇠ (139MeV)2

<latexit sha1_base64="2DhqHHnRsW8SNAkCq+yUZhwI77I="></latexit>

hK(p)|Tµ
µ|K(p)i = M2

K ⇠ (497MeV)2
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q  We can also get mass decomposition from traceless term, and 
calculate new sets of  operators in LQCD or match these HT matrix 
elements to experimental observables, … 


