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• Nucleons are composite particles quarks, gluons

• Bound nucleons must be different that free ones

• How much? Not much, but how much?

• Today- present new approach related to experiment,  
lattice QCD calculations and precision nuclear 
structure calculations

• Key result- proton gets bigger when in nucleus
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General approach
• Model free proton

• Place proton in nucleus

• Examine relevant Feynman graphs- p2 is square of 
proton 4-momentum

• Expand in virtuality to first-order V=p2-M2     

• Free nucleon has V=0, not so for bound nucleons
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Strikman& Frankfurt, Melnitchouk & Thomas,  Gross & Luiti stressed virtuality. 
Present formulation is more compact, amenable to realistic nuclear structure calculations.

Bound nucleon is a virtual nucleon



Proton form factors: free and bound
p+q

p =proton  momentum
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In the medium p2 can be anything 
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Other than 1,2?

A-1



Focus: Elastic Electron-Nucleus Scattering

• Pick one topic at a time, maybe easy one

• Detailed knowledge of electromagnetic form factors of 
nuclei -high current activity 

• nuclear structure calculations  of charge radii,    Ruiz et 
al 2016

•  use in atomic physics by CHROMA precision mu atoms   

• Jefferson Laboratory experiment~12-14-009   
electromagnetic  form factors of 3He and 3H 
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Focus: Elastic Electron-Nucleus Scattering

• FA Assumes no dependence on p, p+q =p’

• FA Can’t be completely accurate- how inaccurate?

• FA  must be very accurate- widely used with no disasters

• Procedure: use models of free proton -place inside nucleus

Spinless nucleus: Standard formula

FA(Q2

) = FA
point nucleon

(Q2

)(F
1

(Q2

)� Q2

4M2F
2

(Q2

))
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Proton form factor GE

Factorization Approximation FA

M = proton mass

?

1

�
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p
Nucleus

Nucleus
p+q=p’ Compute dependence on p2

enters in denoms of Bethe-Saltpeter 
equation



Procedure: Use models of free 
proton-place inside nucleus
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p

Nuclear wave functions do not depend on p2 

  of nucleon, first-order expand in p2-M2,  p’2-M2

Requirements of calculations: 
1. Satisfy Ward-Takahashi identity  (current conservation)
2. Confinement- form factors in nuclei are real valued

p+q=p’

Nucleus

These requirements are satisfied to get the result

Estimate: nuclear shell model, binding potential=-50 MeV

V/M2 ⌘ p2�M2

M2 =

p02�M2

M2 ⇡ �0.1

V is for virtuality, V/M2
good expansion parameter
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Result- 5 models

• How can proton property depend on its mass M ?

• In models the Mass is a parameter

• M2 is 4-momentum2 in Bethe-Salpeter eqns

• Results of QCD lattice calculations depend on quark 
mass, results presented often as function of pion 
mass, proton mass depends on pion mass

• First-order only: forms that survive correspond to F1,2. 

�F1,2(Q2) = V @
@M2F1,2(Q2,M2)
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Virtual nucleon is different from free nucleon



Outline of argument I
�F1,2(Q2) = V @

@M2F1,2(Q2,M2)
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k

p+q

p 

?

1

p-k
k+q

Models:

Quark- di-quark, spin 0 quark spin 0 di-quark, scalar vertex

Quark- di-quark, spin 1/2 quark spin 0 di-quark, scalar vertex

Quark di-quark, spin 1/2 quark, spin 1 di-quark, vector vertex QED

Proton fluctuates into ⇡+
, neutron, pseudo-vector vertex

Proton fluctuates into �-isobar +⇡, neutron, pseudo-vector vertex
<latexit sha1_base64="jn5fsGIkvZXCM8mSWaGr6q8fUMw="></latexit>

Model-specific scattering amps ⇠ 1

�

n (No log� appear)

1/� ⇡ 1/�
on

(1 +

V
�

on

@
@M2

�

on

)
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Feynman graph denominator = D

D = (k

2 �m

2

q)((k + q)

2 �m

2

q)((p� k)

2 �m

2

d) parameters x, y, z

Combine and add and subtract M

2

in appropriate places

D ! (k

2 ��)

3

� = xyQ

2

+m

2

q(x+ y) + zm

2

d �M

2

z(1� z) + V z(1� z) = (1� V

@
@M2 )�

on
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Outline of argument II
�F1,2(Q2) = V @

@M2F1,2(Q2,M2)
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k

p+q
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?

1

p-k
k+q

Numerator forms: /p, /p0, pµ, p0
µ
= (p+ q)µ

/p = M + (/p�M) = M +

p2�M2

/p+M ⇡ (first� order) : M +

V
2M = (1 + V @

@M2 )M

do same for /p0

pµ : Take µ = +, q+ = 0 Drell-Yan frame, or µ = 0, q0 = 0 Breit frame

2pµ = �µ/p+ /p0�µ
+ I�µ⌫q⌫

All terms involving virtuality add up to result:

�F
1,2 = V @

@M2F
1,2(Q2)
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….

Models:

Quark- di-quark, spin 0 quark spin 0 di-quark, scalar vertex

Quark- di-quark, spin 1/2 quark spin 0 di-quark, scalar vertex

Quark di-quark, spin 1/2 quark, spin 1 di-quark, vector vertex QED

Proton fluctuates into ⇡+
, neutron, pseudo-vector vertex

Proton fluctuates into �-isobar +⇡, neutron, pseudo-vector vertex
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Ward-Takashi identity satisfied

+
e0

p
?

1

quark

e0

p

?

1

proton

p+q
�µ
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<latexit sha1_base64="gInAkv2vuiGzTaKErh3xrMJgHUw=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP7CJZbLdtEt3N2F3I5TQf+HFgyJe/Tfe/Ddu2xy09cHA470ZZuZFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bOskUoU2S8ER1ItSUM0mbhhlOO6miKCJO29HoZuq3n6jSLJH3ZpzSUOBAspgRNFZ6CAYoBD4GIutVql7Nm8FdJn5BqlCg0at8Bf2EZIJKQzhq3fW91IQ5KsMIp5NykGmaIhnhgHYtlSioDvPZxRP31Cp9N06ULWncmfp7Ikeh9VhEtlOgGepFbyr+53UzE1+FOZNpZqgk80Vxxl2TuNP33T5TlBg+tgSJYvZWlwxRITE2pLINwV98eZm0zmu+V/PvLqr16yKOEhzDCZyBD5dQh1toQBMISHiGV3hztPPivDsf89YVp5g5gj9wPn8AlweQ2Q==</latexit><latexit sha1_base64="gInAkv2vuiGzTaKErh3xrMJgHUw=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP7CJZbLdtEt3N2F3I5TQf+HFgyJe/Tfe/Ddu2xy09cHA470ZZuZFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bOskUoU2S8ER1ItSUM0mbhhlOO6miKCJO29HoZuq3n6jSLJH3ZpzSUOBAspgRNFZ6CAYoBD4GIutVql7Nm8FdJn5BqlCg0at8Bf2EZIJKQzhq3fW91IQ5KsMIp5NykGmaIhnhgHYtlSioDvPZxRP31Cp9N06ULWncmfp7Ikeh9VhEtlOgGepFbyr+53UzE1+FOZNpZqgk80Vxxl2TuNP33T5TlBg+tgSJYvZWlwxRITE2pLINwV98eZm0zmu+V/PvLqr16yKOEhzDCZyBD5dQh1toQBMISHiGV3hztPPivDsf89YVp5g5gj9wPn8AlweQ2Q==</latexit><latexit sha1_base64="gInAkv2vuiGzTaKErh3xrMJgHUw=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP7CJZbLdtEt3N2F3I5TQf+HFgyJe/Tfe/Ddu2xy09cHA470ZZuZFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bOskUoU2S8ER1ItSUM0mbhhlOO6miKCJO29HoZuq3n6jSLJH3ZpzSUOBAspgRNFZ6CAYoBD4GIutVql7Nm8FdJn5BqlCg0at8Bf2EZIJKQzhq3fW91IQ5KsMIp5NykGmaIhnhgHYtlSioDvPZxRP31Cp9N06ULWncmfp7Ikeh9VhEtlOgGepFbyr+53UzE1+FOZNpZqgk80Vxxl2TuNP33T5TlBg+tgSJYvZWlwxRITE2pLINwV98eZm0zmu+V/PvLqr16yKOEhzDCZyBD5dQh1toQBMISHiGV3hztPPivDsf89YVp5g5gj9wPn8AlweQ2Q==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="M10UACP46XxYFReCy5Yt68HxNY0=">AAAB5nicbZBLSwMxFIXv1FetVatbN8EiuCozbnRZcOOygn1gZyx30kwbmmSGJCOUof/CjQtF/Enu/Demj4W2Hgh8nJOQe0+cCW6s7397pa3tnd298n7loHp4dFw7qXZMmmvK2jQVqe7FaJjgirUtt4L1Ms1QxoJ148ntPO8+M214qh7sNGORxJHiCadonfUYjlBKfAplPqjV/Ya/ENmEYAV1WKk1qH2Fw5TmkilLBRrTD/zMRgVqy6lgs0qYG5YhneCI9R0qlMxExWLiGblwzpAkqXZHWbJwf78oUBozlbG7KdGOzXo2N//L+rlNbqKCqyy3TNHlR0kuiE3JfH0y5JpRK6YOkGruZiV0jBqpdSVVXAnB+sqb0LlqBH4juPehDGdwDpcQwDU04Q5a0AYKCl7gDd494716H8u6St6qt1P4I+/zB1mAj30=</latexit><latexit sha1_base64="M10UACP46XxYFReCy5Yt68HxNY0=">AAAB5nicbZBLSwMxFIXv1FetVatbN8EiuCozbnRZcOOygn1gZyx30kwbmmSGJCOUof/CjQtF/Enu/Demj4W2Hgh8nJOQe0+cCW6s7397pa3tnd298n7loHp4dFw7qXZMmmvK2jQVqe7FaJjgirUtt4L1Ms1QxoJ148ntPO8+M214qh7sNGORxJHiCadonfUYjlBKfAplPqjV/Ya/ENmEYAV1WKk1qH2Fw5TmkilLBRrTD/zMRgVqy6lgs0qYG5YhneCI9R0qlMxExWLiGblwzpAkqXZHWbJwf78oUBozlbG7KdGOzXo2N//L+rlNbqKCqyy3TNHlR0kuiE3JfH0y5JpRK6YOkGruZiV0jBqpdSVVXAnB+sqb0LlqBH4juPehDGdwDpcQwDU04Q5a0AYKCl7gDd494716H8u6St6qt1P4I+/zB1mAj30=</latexit><latexit sha1_base64="lfn6Nhr5RLUee0kc69bNcrielMA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRe9Fj04rGC/cAmlsl20y7d3YTdjVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXpZxp43nfTmltfWNzq7xd2dnd2z+oHh61dZIpQlsk4YnqRqgpZ5K2DDOcdlNFUUScdqLxzczvPFGlWSLvzSSlocChZDEjaKz0EAxRCHwMRNav1ry6N4e7SvyC1KBAs1/9CgYJyQSVhnDUuud7qQlzVIYRTqeVINM0RTLGIe1ZKlFQHebzi6fumVUGbpwoW9K4c/X3RI5C64mIbKdAM9LL3kz8z+tlJr4KcybTzFBJFovijLsmcWfvuwOmKDF8YgkSxeytLhmhQmJsSBUbgr/88ippX9R9r+7febXGdRFHGU7gFM7Bh0towC00oQUEJDzDK7w52nlx3p2PRWvJKWaO4Q+czx+Vx5DV</latexit><latexit sha1_base64="gInAkv2vuiGzTaKErh3xrMJgHUw=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP7CJZbLdtEt3N2F3I5TQf+HFgyJe/Tfe/Ddu2xy09cHA470ZZuZFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bOskUoU2S8ER1ItSUM0mbhhlOO6miKCJO29HoZuq3n6jSLJH3ZpzSUOBAspgRNFZ6CAYoBD4GIutVql7Nm8FdJn5BqlCg0at8Bf2EZIJKQzhq3fW91IQ5KsMIp5NykGmaIhnhgHYtlSioDvPZxRP31Cp9N06ULWncmfp7Ikeh9VhEtlOgGepFbyr+53UzE1+FOZNpZqgk80Vxxl2TuNP33T5TlBg+tgSJYvZWlwxRITE2pLINwV98eZm0zmu+V/PvLqr16yKOEhzDCZyBD5dQh1toQBMISHiGV3hztPPivDsf89YVp5g5gj9wPn8AlweQ2Q==</latexit><latexit sha1_base64="gInAkv2vuiGzTaKErh3xrMJgHUw=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP7CJZbLdtEt3N2F3I5TQf+HFgyJe/Tfe/Ddu2xy09cHA470ZZuZFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bOskUoU2S8ER1ItSUM0mbhhlOO6miKCJO29HoZuq3n6jSLJH3ZpzSUOBAspgRNFZ6CAYoBD4GIutVql7Nm8FdJn5BqlCg0at8Bf2EZIJKQzhq3fW91IQ5KsMIp5NykGmaIhnhgHYtlSioDvPZxRP31Cp9N06ULWncmfp7Ikeh9VhEtlOgGepFbyr+53UzE1+FOZNpZqgk80Vxxl2TuNP33T5TlBg+tgSJYvZWlwxRITE2pLINwV98eZm0zmu+V/PvLqr16yKOEhzDCZyBD5dQh1toQBMISHiGV3hztPPivDsf89YVp5g5gj9wPn8AlweQ2Q==</latexit><latexit sha1_base64="gInAkv2vuiGzTaKErh3xrMJgHUw=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP7CJZbLdtEt3N2F3I5TQf+HFgyJe/Tfe/Ddu2xy09cHA470ZZuZFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bOskUoU2S8ER1ItSUM0mbhhlOO6miKCJO29HoZuq3n6jSLJH3ZpzSUOBAspgRNFZ6CAYoBD4GIutVql7Nm8FdJn5BqlCg0at8Bf2EZIJKQzhq3fW91IQ5KsMIp5NykGmaIhnhgHYtlSioDvPZxRP31Cp9N06ULWncmfp7Ikeh9VhEtlOgGepFbyr+53UzE1+FOZNpZqgk80Vxxl2TuNP33T5TlBg+tgSJYvZWlwxRITE2pLINwV98eZm0zmu+V/PvLqr16yKOEhzDCZyBD5dQh1toQBMISHiGV3hztPPivDsf89YVp5g5gj9wPn8AlweQ2Q==</latexit><latexit sha1_base64="gInAkv2vuiGzTaKErh3xrMJgHUw=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP7CJZbLdtEt3N2F3I5TQf+HFgyJe/Tfe/Ddu2xy09cHA470ZZuZFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bOskUoU2S8ER1ItSUM0mbhhlOO6miKCJO29HoZuq3n6jSLJH3ZpzSUOBAspgRNFZ6CAYoBD4GIutVql7Nm8FdJn5BqlCg0at8Bf2EZIJKQzhq3fW91IQ5KsMIp5NykGmaIhnhgHYtlSioDvPZxRP31Cp9N06ULWncmfp7Ikeh9VhEtlOgGepFbyr+53UzE1+FOZNpZqgk80Vxxl2TuNP33T5TlBg+tgSJYvZWlwxRITE2pLINwV98eZm0zmu+V/PvLqr16yKOEhzDCZyBD5dQh1toQBMISHiGV3hztPPivDsf89YVp5g5gj9wPn8AlweQ2Q==</latexit><latexit sha1_base64="gInAkv2vuiGzTaKErh3xrMJgHUw=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP7CJZbLdtEt3N2F3I5TQf+HFgyJe/Tfe/Ddu2xy09cHA470ZZuZFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bOskUoU2S8ER1ItSUM0mbhhlOO6miKCJO29HoZuq3n6jSLJH3ZpzSUOBAspgRNFZ6CAYoBD4GIutVql7Nm8FdJn5BqlCg0at8Bf2EZIJKQzhq3fW91IQ5KsMIp5NykGmaIhnhgHYtlSioDvPZxRP31Cp9N06ULWncmfp7Ikeh9VhEtlOgGepFbyr+53UzE1+FOZNpZqgk80Vxxl2TuNP33T5TlBg+tgSJYvZWlwxRITE2pLINwV98eZm0zmu+V/PvLqr16yKOEhzDCZyBD5dQh1toQBMISHiGV3hztPPivDsf89YVp5g5gj9wPn8AlweQ2Q==</latexit><latexit sha1_base64="gInAkv2vuiGzTaKErh3xrMJgHUw=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP7CJZbLdtEt3N2F3I5TQf+HFgyJe/Tfe/Ddu2xy09cHA470ZZuZFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bOskUoU2S8ER1ItSUM0mbhhlOO6miKCJO29HoZuq3n6jSLJH3ZpzSUOBAspgRNFZ6CAYoBD4GIutVql7Nm8FdJn5BqlCg0at8Bf2EZIJKQzhq3fW91IQ5KsMIp5NykGmaIhnhgHYtlSioDvPZxRP31Cp9N06ULWncmfp7Ikeh9VhEtlOgGepFbyr+53UzE1+FOZNpZqgk80Vxxl2TuNP33T5TlBg+tgSJYvZWlwxRITE2pLINwV98eZm0zmu+V/PvLqr16yKOEhzDCZyBD5dQh1toQBMISHiGV3hztPPivDsf89YVp5g5gj9wPn8AlweQ2Q==</latexit>

�µ
p

<latexit sha1_base64="f/15dkLSt/QicIZDd2oOFbVhOoQ="></latexit><latexit sha1_base64="f/15dkLSt/QicIZDd2oOFbVhOoQ="></latexit><latexit sha1_base64="f/15dkLSt/QicIZDd2oOFbVhOoQ="></latexit><latexit sha1_base64="f/15dkLSt/QicIZDd2oOFbVhOoQ="></latexit>

(q) (q)

�µ
quark

<latexit sha1_base64="Y/12bgMh4fDBSYTD+G0Bhzx0eJk="></latexit><latexit sha1_base64="Y/12bgMh4fDBSYTD+G0Bhzx0eJk="></latexit><latexit sha1_base64="Y/12bgMh4fDBSYTD+G0Bhzx0eJk="></latexit><latexit sha1_base64="Y/12bgMh4fDBSYTD+G0Bhzx0eJk="></latexit>

�µ = �µ
p + �µ

quark
<latexit sha1_base64="Nl6D2cj7vJWVu8tp2ra9A6bFCvs="></latexit><latexit sha1_base64="Nl6D2cj7vJWVu8tp2ra9A6bFCvs="></latexit><latexit sha1_base64="Nl6D2cj7vJWVu8tp2ra9A6bFCvs="></latexit><latexit sha1_base64="Nl6D2cj7vJWVu8tp2ra9A6bFCvs="></latexit>

WT : current is conserved  in nuclei   
for all (p+q)2  , p2 , (/p+ /q), /p

<latexit sha1_base64="yOVNG57PpvFQ4wZmxcBxiyP44jk="></latexit><latexit sha1_base64="yOVNG57PpvFQ4wZmxcBxiyP44jk="></latexit><latexit sha1_base64="yOVNG57PpvFQ4wZmxcBxiyP44jk="></latexit><latexit sha1_base64="yOVNG57PpvFQ4wZmxcBxiyP44jk="></latexit>

⌃(p) =
<latexit sha1_base64="DVMymgQaVId9hNHekRKb06Bk9bQ=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48VrQf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y7rdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6Z+e0nqjSL5IOZxNQXeChZyAg2Vnrs3bOhwNX49Kpfrrg1NwNaJl5OKpCj0S9/9QYRSQSVhnCsdddzY+OnWBlGOJ2WeommMSZjPKRdSyUWVPtpdvEUnVhlgMJI2ZIGZerviRQLrScisJ0Cm5Fe9Gbif143MeGlnzIZJ4ZKMl8UJhyZCM3eRwOmKDF8YgkmitlbERlhhYmxIZVsCN7iy8ukdVbz3Jp3d16pX+dxFOEIjqEKHlxAHW6hAU0gIOEZXuHN0c6L8+58zFsLTj5zCH/gfP4Aiu6QKQ==</latexit><latexit sha1_base64="DVMymgQaVId9hNHekRKb06Bk9bQ=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48VrQf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y7rdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6Z+e0nqjSL5IOZxNQXeChZyAg2Vnrs3bOhwNX49Kpfrrg1NwNaJl5OKpCj0S9/9QYRSQSVhnCsdddzY+OnWBlGOJ2WeommMSZjPKRdSyUWVPtpdvEUnVhlgMJI2ZIGZerviRQLrScisJ0Cm5Fe9Gbif143MeGlnzIZJ4ZKMl8UJhyZCM3eRwOmKDF8YgkmitlbERlhhYmxIZVsCN7iy8ukdVbz3Jp3d16pX+dxFOEIjqEKHlxAHW6hAU0gIOEZXuHN0c6L8+58zFsLTj5zCH/gfP4Aiu6QKQ==</latexit><latexit sha1_base64="DVMymgQaVId9hNHekRKb06Bk9bQ=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48VrQf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y7rdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6Z+e0nqjSL5IOZxNQXeChZyAg2Vnrs3bOhwNX49Kpfrrg1NwNaJl5OKpCj0S9/9QYRSQSVhnCsdddzY+OnWBlGOJ2WeommMSZjPKRdSyUWVPtpdvEUnVhlgMJI2ZIGZerviRQLrScisJ0Cm5Fe9Gbif143MeGlnzIZJ4ZKMl8UJhyZCM3eRwOmKDF8YgkmitlbERlhhYmxIZVsCN7iy8ukdVbz3Jp3d16pX+dxFOEIjqEKHlxAHW6hAU0gIOEZXuHN0c6L8+58zFsLTj5zCH/gfP4Aiu6QKQ==</latexit><latexit sha1_base64="DVMymgQaVId9hNHekRKb06Bk9bQ=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48VrQf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y7rdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6Z+e0nqjSL5IOZxNQXeChZyAg2Vnrs3bOhwNX49Kpfrrg1NwNaJl5OKpCj0S9/9QYRSQSVhnCsdddzY+OnWBlGOJ2WeommMSZjPKRdSyUWVPtpdvEUnVhlgMJI2ZIGZerviRQLrScisJ0Cm5Fe9Gbif143MeGlnzIZJ4ZKMl8UJhyZCM3eRwOmKDF8YgkmitlbERlhhYmxIZVsCN7iy8ukdVbz3Jp3d16pX+dxFOEIjqEKHlxAHW6hAU0gIOEZXuHN0c6L8+58zFsLTj5zCH/gfP4Aiu6QKQ==</latexit>

p Pquark
q · � = /p+ /q � (⌃((p+ q)2)� ⌃(p2))) = S�1(p+ q)� S�1(p)

<latexit sha1_base64="/mlxCJscVMDnKHbJAjMuUZYp7uI=">AAACzHicbVFda9swFJW9r877aLo97kUsCSSUBDtsrC+Fwh66p9HRJS1ES </latexit><latexit sha1_base64="/mlxCJscVMDnKHbJAjMuUZYp7uI=">AAACzHicbVFda9swFJW9r877aLo97kUsCSSUBDtsrC+Fwh66p9HRJS1ES </latexit><latexit sha1_base64="/mlxCJscVMDnKHbJAjMuUZYp7uI=">AAACzHicbVFda9swFJW9r877aLo97kUsCSSUBDtsrC+Fwh66p9HRJS1ES </latexit><latexit sha1_base64="/mlxCJscVMDnKHbJAjMuUZYp7uI=">AAACzHicbVFda9swFJW9r877aLo97kUsCSSUBDtsrC+Fwh66p9HRJS1ES </latexit>
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Confinement I

k

p+q

p 

?

1

p-k
k+q

q d
N

?

1

Can knock quark out if s = (p+ q)2 > (mq +md)
2

<latexit sha1_base64="mg+Wqbq9EoZjiHtgB13mFxRgbpw=">AAACF3icbZDLSgMxFIYzXmu9VV26CbZCpVBmulEEpdCNywr2Am0dMmmmDZPLNMkIpfQt3Pgqblwo4lZ3vo3pZaGtPwQ+/nMOJ+cPYka1cd1vZ2V1bX1jM7WV3t7Z3dvPHBzWtUwUJjUsmVTNAGnCqCA1Qw0jzVgRxANGGkFUmdQbD0RpKsWdGcakw1FP0JBiZKzlZ4oVJGAkJI7gIEEqgjIxkIYwp6/ycWFwdl+6znN/UOB+13LOz2TdojsVXAZvDlkwV9XPfLW7EiecCIMZ0rrlubHpjJAyFDMyTrcTTWKEI9QjLYsCcaI7o+ldY3hqnS4MpbJPGDh1f0+MENd6yAPbyZHp68XaxPyv1kpMeNEZUREnhgg8WxQmDBoJJyHBLlUEGza0gLCi9q8Q95FC2Ngo0zYEb/HkZaiXip5b9G5L2fLlPI4UOAYnIA88cA7K4AZUQQ1g8AiewSt4c56cF+fd+Zi1rjjzmSPwR87nD8wZnRw=</latexit><latexit sha1_base64="mg+Wqbq9EoZjiHtgB13mFxRgbpw=">AAACF3icbZDLSgMxFIYzXmu9VV26CbZCpVBmulEEpdCNywr2Am0dMmmmDZPLNMkIpfQt3Pgqblwo4lZ3vo3pZaGtPwQ+/nMOJ+cPYka1cd1vZ2V1bX1jM7WV3t7Z3dvPHBzWtUwUJjUsmVTNAGnCqCA1Qw0jzVgRxANGGkFUmdQbD0RpKsWdGcakw1FP0JBiZKzlZ4oVJGAkJI7gIEEqgjIxkIYwp6/ycWFwdl+6znN/UOB+13LOz2TdojsVXAZvDlkwV9XPfLW7EiecCIMZ0rrlubHpjJAyFDMyTrcTTWKEI9QjLYsCcaI7o+ldY3hqnS4MpbJPGDh1f0+MENd6yAPbyZHp68XaxPyv1kpMeNEZUREnhgg8WxQmDBoJJyHBLlUEGza0gLCi9q8Q95FC2Ngo0zYEb/HkZaiXip5b9G5L2fLlPI4UOAYnIA88cA7K4AZUQQ1g8AiewSt4c56cF+fd+Zi1rjjzmSPwR87nD8wZnRw=</latexit><latexit sha1_base64="mg+Wqbq9EoZjiHtgB13mFxRgbpw=">AAACF3icbZDLSgMxFIYzXmu9VV26CbZCpVBmulEEpdCNywr2Am0dMmmmDZPLNMkIpfQt3Pgqblwo4lZ3vo3pZaGtPwQ+/nMOJ+cPYka1cd1vZ2V1bX1jM7WV3t7Z3dvPHBzWtUwUJjUsmVTNAGnCqCA1Qw0jzVgRxANGGkFUmdQbD0RpKsWdGcakw1FP0JBiZKzlZ4oVJGAkJI7gIEEqgjIxkIYwp6/ycWFwdl+6znN/UOB+13LOz2TdojsVXAZvDlkwV9XPfLW7EiecCIMZ0rrlubHpjJAyFDMyTrcTTWKEI9QjLYsCcaI7o+ldY3hqnS4MpbJPGDh1f0+MENd6yAPbyZHp68XaxPyv1kpMeNEZUREnhgg8WxQmDBoJJyHBLlUEGza0gLCi9q8Q95FC2Ngo0zYEb/HkZaiXip5b9G5L2fLlPI4UOAYnIA88cA7K4AZUQQ1g8AiewSt4c56cF+fd+Zi1rjjzmSPwR87nD8wZnRw=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="HrLs6zQXIeWbAC2+H8kA7MgxmiE=">AAACDHicbZBLSwMxFIXv1HetOrp1E3xApVBmutGNInTjUsFqoa1DJs20YfKYJhmhlP4LN/4VNy4Uce3Of2Nau9DqgcDHOQk398QZZ8YGwadXWFhcWl5ZXSuulzY2t/zt0o1RuSa0QRRXuhljQzmTtGGZ5bSZaYpFzOltnNYn+e091YYpeW2HGe0I3JMsYQRbZ0V+tY4lSqUiKRrkWKdI5RaxBB2Y03JWGRzd1c7KIhpURNR1fBD5+0E1mAr9hXAG+zDTZeR/tLuK5IJKSzg2phUGme2MsLaMcDoutnNDM0xS3KMthxILajqj6V5jdOicLkqUdkdaNHV/vhhhYcxQxO6mwLZv5rOJ+V/Wym1y0hkxmeWWSvI9KMk5sgpNSkJdpimxfOgAE83cXxHpY42JdVUWXQnh/Mp/4aZWDYNqeBXAKuzCHpQhhGM4hwu4hAYQeIAneIFX79F79t6+6yp4s9524Je89y8RH5uk</latexit><latexit sha1_base64="HrLs6zQXIeWbAC2+H8kA7MgxmiE=">AAACDHicbZBLSwMxFIXv1HetOrp1E3xApVBmutGNInTjUsFqoa1DJs20YfKYJhmhlP4LN/4VNy4Uce3Of2Nau9DqgcDHOQk398QZZ8YGwadXWFhcWl5ZXSuulzY2t/zt0o1RuSa0QRRXuhljQzmTtGGZ5bSZaYpFzOltnNYn+e091YYpeW2HGe0I3JMsYQRbZ0V+tY4lSqUiKRrkWKdI5RaxBB2Y03JWGRzd1c7KIhpURNR1fBD5+0E1mAr9hXAG+zDTZeR/tLuK5IJKSzg2phUGme2MsLaMcDoutnNDM0xS3KMthxILajqj6V5jdOicLkqUdkdaNHV/vhhhYcxQxO6mwLZv5rOJ+V/Wym1y0hkxmeWWSvI9KMk5sgpNSkJdpimxfOgAE83cXxHpY42JdVUWXQnh/Mp/4aZWDYNqeBXAKuzCHpQhhGM4hwu4hAYQeIAneIFX79F79t6+6yp4s9524Je89y8RH5uk</latexit><latexit sha1_base64="U0H5cguWCD/DU+xjySNwluOxcbU=">AAACF3icbZDLSgMxFIYzXmu9VV26CbZCpVBmulEEpdCNywr2Am0dMmmmDZPLNMkIpfQt3Pgqblwo4lZ3vo3pZaGtPwQ+/nMOJ+cPYka1cd1vZ2V1bX1jM7WV3t7Z3dvPHBzWtUwUJjUsmVTNAGnCqCA1Qw0jzVgRxANGGkFUmdQbD0RpKsWdGcakw1FP0JBiZKzlZ4oVJGAkJI7gIEEqgjIxkIYwp6/ycWFwdl+6znN/UOB+13LOz2TdojsVXAZvDlkwV9XPfLW7EiecCIMZ0rrlubHpjJAyFDMyTrcTTWKEI9QjLYsCcaI7o+ldY3hqnS4MpbJPGDh1f0+MENd6yAPbyZHp68XaxPyv1kpMeNEZUREnhgg8WxQmDBoJJyHBLlUEGza0gLCi9q8Q95FC2Ngo0zYEb/HkZaiXip5b9G7dbPlyHkcKHIMTkAceOAdlcAOqoAYweATP4BW8OU/Oi/PufMxaV5z5zBH4I+fzB8t5nRo=</latexit><latexit sha1_base64="mg+Wqbq9EoZjiHtgB13mFxRgbpw=">AAACF3icbZDLSgMxFIYzXmu9VV26CbZCpVBmulEEpdCNywr2Am0dMmmmDZPLNMkIpfQt3Pgqblwo4lZ3vo3pZaGtPwQ+/nMOJ+cPYka1cd1vZ2V1bX1jM7WV3t7Z3dvPHBzWtUwUJjUsmVTNAGnCqCA1Qw0jzVgRxANGGkFUmdQbD0RpKsWdGcakw1FP0JBiZKzlZ4oVJGAkJI7gIEEqgjIxkIYwp6/ycWFwdl+6znN/UOB+13LOz2TdojsVXAZvDlkwV9XPfLW7EiecCIMZ0rrlubHpjJAyFDMyTrcTTWKEI9QjLYsCcaI7o+ldY3hqnS4MpbJPGDh1f0+MENd6yAPbyZHp68XaxPyv1kpMeNEZUREnhgg8WxQmDBoJJyHBLlUEGza0gLCi9q8Q95FC2Ngo0zYEb/HkZaiXip5b9G5L2fLlPI4UOAYnIA88cA7K4AZUQQ1g8AiewSt4c56cF+fd+Zi1rjjzmSPwR87nD8wZnRw=</latexit><latexit sha1_base64="mg+Wqbq9EoZjiHtgB13mFxRgbpw=">AAACF3icbZDLSgMxFIYzXmu9VV26CbZCpVBmulEEpdCNywr2Am0dMmmmDZPLNMkIpfQt3Pgqblwo4lZ3vo3pZaGtPwQ+/nMOJ+cPYka1cd1vZ2V1bX1jM7WV3t7Z3dvPHBzWtUwUJjUsmVTNAGnCqCA1Qw0jzVgRxANGGkFUmdQbD0RpKsWdGcakw1FP0JBiZKzlZ4oVJGAkJI7gIEEqgjIxkIYwp6/ycWFwdl+6znN/UOB+13LOz2TdojsVXAZvDlkwV9XPfLW7EiecCIMZ0rrlubHpjJAyFDMyTrcTTWKEI9QjLYsCcaI7o+ldY3hqnS4MpbJPGDh1f0+MENd6yAPbyZHp68XaxPyv1kpMeNEZUREnhgg8WxQmDBoJJyHBLlUEGza0gLCi9q8Q95FC2Ngo0zYEb/HkZaiXip5b9G5L2fLlPI4UOAYnIA88cA7K4AZUQQ1g8AiewSt4c56cF+fd+Zi1rjjzmSPwR87nD8wZnRw=</latexit><latexit sha1_base64="mg+Wqbq9EoZjiHtgB13mFxRgbpw=">AAACF3icbZDLSgMxFIYzXmu9VV26CbZCpVBmulEEpdCNywr2Am0dMmmmDZPLNMkIpfQt3Pgqblwo4lZ3vo3pZaGtPwQ+/nMOJ+cPYka1cd1vZ2V1bX1jM7WV3t7Z3dvPHBzWtUwUJjUsmVTNAGnCqCA1Qw0jzVgRxANGGkFUmdQbD0RpKsWdGcakw1FP0JBiZKzlZ4oVJGAkJI7gIEEqgjIxkIYwp6/ycWFwdl+6znN/UOB+13LOz2TdojsVXAZvDlkwV9XPfLW7EiecCIMZ0rrlubHpjJAyFDMyTrcTTWKEI9QjLYsCcaI7o+ldY3hqnS4MpbJPGDh1f0+MENd6yAPbyZHp68XaxPyv1kpMeNEZUREnhgg8WxQmDBoJJyHBLlUEGza0gLCi9q8Q95FC2Ngo0zYEb/HkZaiXip5b9G5L2fLlPI4UOAYnIA88cA7K4AZUQQ1g8AiewSt4c56cF+fd+Zi1rjjzmSPwR87nD8wZnRw=</latexit><latexit sha1_base64="mg+Wqbq9EoZjiHtgB13mFxRgbpw=">AAACF3icbZDLSgMxFIYzXmu9VV26CbZCpVBmulEEpdCNywr2Am0dMmmmDZPLNMkIpfQt3Pgqblwo4lZ3vo3pZaGtPwQ+/nMOJ+cPYka1cd1vZ2V1bX1jM7WV3t7Z3dvPHBzWtUwUJjUsmVTNAGnCqCA1Qw0jzVgRxANGGkFUmdQbD0RpKsWdGcakw1FP0JBiZKzlZ4oVJGAkJI7gIEEqgjIxkIYwp6/ycWFwdl+6znN/UOB+13LOz2TdojsVXAZvDlkwV9XPfLW7EiecCIMZ0rrlubHpjJAyFDMyTrcTTWKEI9QjLYsCcaI7o+ldY3hqnS4MpbJPGDh1f0+MENd6yAPbyZHp68XaxPyv1kpMeNEZUREnhgg8WxQmDBoJJyHBLlUEGza0gLCi9q8Q95FC2Ngo0zYEb/HkZaiXip5b9G5L2fLlPI4UOAYnIA88cA7K4AZUQQ1g8AiewSt4c56cF+fd+Zi1rjjzmSPwR87nD8wZnRw=</latexit><latexit sha1_base64="mg+Wqbq9EoZjiHtgB13mFxRgbpw=">AAACF3icbZDLSgMxFIYzXmu9VV26CbZCpVBmulEEpdCNywr2Am0dMmmmDZPLNMkIpfQt3Pgqblwo4lZ3vo3pZaGtPwQ+/nMOJ+cPYka1cd1vZ2V1bX1jM7WV3t7Z3dvPHBzWtUwUJjUsmVTNAGnCqCA1Qw0jzVgRxANGGkFUmdQbD0RpKsWdGcakw1FP0JBiZKzlZ4oVJGAkJI7gIEEqgjIxkIYwp6/ycWFwdl+6znN/UOB+13LOz2TdojsVXAZvDlkwV9XPfLW7EiecCIMZ0rrlubHpjJAyFDMyTrcTTWKEI9QjLYsCcaI7o+ldY3hqnS4MpbJPGDh1f0+MENd6yAPbyZHp68XaxPyv1kpMeNEZUREnhgg8WxQmDBoJJyHBLlUEGza0gLCi9q8Q95FC2Ngo0zYEb/HkZaiXip5b9G5L2fLlPI4UOAYnIA88cA7K4AZUQQ1g8AiewSt4c56cF+fd+Zi1rjjzmSPwR87nD8wZnRw=</latexit><latexit sha1_base64="mg+Wqbq9EoZjiHtgB13mFxRgbpw=">AAACF3icbZDLSgMxFIYzXmu9VV26CbZCpVBmulEEpdCNywr2Am0dMmmmDZPLNMkIpfQt3Pgqblwo4lZ3vo3pZaGtPwQ+/nMOJ+cPYka1cd1vZ2V1bX1jM7WV3t7Z3dvPHBzWtUwUJjUsmVTNAGnCqCA1Qw0jzVgRxANGGkFUmdQbD0RpKsWdGcakw1FP0JBiZKzlZ4oVJGAkJI7gIEEqgjIxkIYwp6/ycWFwdl+6znN/UOB+13LOz2TdojsVXAZvDlkwV9XPfLW7EiecCIMZ0rrlubHpjJAyFDMyTrcTTWKEI9QjLYsCcaI7o+ldY3hqnS4MpbJPGDh1f0+MENd6yAPbyZHp68XaxPyv1kpMeNEZUREnhgg8WxQmDBoJJyHBLlUEGza0gLCi9q8Q95FC2Ngo0zYEb/HkZaiXip5b9G5L2fLlPI4UOAYnIA88cA7K4AZUQQ1g8AiewSt4c56cF+fd+Zi1rjjzmSPwR87nD8wZnRw=</latexit>

Feynman graph denominator = D

D ! (k

2 ��)

3

� = xyQ

2

+m

2

q(x+ y) + zm

2

d �M

2

z(1� z) + V z(1� z) = (1� V

@
@M2 )�

on

If p

2

= M

2

, (p+q)

2

= M

2

, V = 0 and � > 0 if mq+md > M stability condition

• For o↵ shell protons M

2 � V (p

2

) > (mq +md)
2

� can go through zero

• corresponds to knocking a quark out of proton.

• proton self-energy ⌃(p

2

) becomes complex

• zeros of � cause havoc in numerical integration

<latexit sha1_base64="gVTywNCSk7DIB6MPkjgw4TUczLo="></latexit><latexit sha1_base64="gVTywNCSk7DIB6MPkjgw4TUczLo="></latexit><latexit sha1_base64="gVTywNCSk7DIB6MPkjgw4TUczLo="></latexit><latexit sha1_base64="gVTywNCSk7DIB6MPkjgw4TUczLo="></latexit>



Confinement II

• Lengthy literature based on non-perturbative Schwinger-
Dyson equations (e.g. Roberts & Williams hep-ph/
9403224)

• Solutions for quark self-energy obtain complex masses, 
appearing in complex-conjugate pairs

• Use scalar  di-quark masses as complex conjugate 
poles. Result is same using complex mass and take real 
part at the end of the calculation 

• Nucleon self-energy is real-valued in all models



Application: radius of proton I
r2E ⌘ �6G0

E(0)
<latexit sha1_base64="MOiqzfpbHkOYTJo8FOCVKSwwe9s=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR68KSFFGXRSm6rGAf0MYwmU7aoZNJnJkUSqgbf8WNC0Xc+hfu/BunbRbaeuDC4Zx7ufceL2JUKsv6NjILi0vLK9nV3Nr6xuaWub1Tl2EsMKnhkIWi6SFJGOWkpqhipBkJggKPkYbXvxr7jQERkob8Tg0j4gSoy6lPMVJacs29RLiV+9KoTR5iOoAnZ/DarRwVrGPXzFtFawI4T+yU5EGKqmt+tTshjgPCFWZIypZtRcpJkFAUMzLKtWNJIoT7qEtamnIUEOkkkw9G8FArHeiHQhdXcKL+nkhQIOUw8HRngFRPznpj8T+vFSv/wkkoj2JFOJ4u8mMGVQjHccAOFQQrNtQEYUH1rRD3kEBY6dByOgR79uV5Ui8Vbato357my5dpHFmwDw5AAdjgHJTBDaiCGsDgETyDV/BmPBkvxrvxMW3NGOnMLvgD4/MHgnKU9Q==</latexit><latexit sha1_base64="MOiqzfpbHkOYTJo8FOCVKSwwe9s=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR68KSFFGXRSm6rGAf0MYwmU7aoZNJnJkUSqgbf8WNC0Xc+hfu/BunbRbaeuDC4Zx7ufceL2JUKsv6NjILi0vLK9nV3Nr6xuaWub1Tl2EsMKnhkIWi6SFJGOWkpqhipBkJggKPkYbXvxr7jQERkob8Tg0j4gSoy6lPMVJacs29RLiV+9KoTR5iOoAnZ/DarRwVrGPXzFtFawI4T+yU5EGKqmt+tTshjgPCFWZIypZtRcpJkFAUMzLKtWNJIoT7qEtamnIUEOkkkw9G8FArHeiHQhdXcKL+nkhQIOUw8HRngFRPznpj8T+vFSv/wkkoj2JFOJ4u8mMGVQjHccAOFQQrNtQEYUH1rRD3kEBY6dByOgR79uV5Ui8Vbato357my5dpHFmwDw5AAdjgHJTBDaiCGsDgETyDV/BmPBkvxrvxMW3NGOnMLvgD4/MHgnKU9Q==</latexit><latexit sha1_base64="MOiqzfpbHkOYTJo8FOCVKSwwe9s=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR68KSFFGXRSm6rGAf0MYwmU7aoZNJnJkUSqgbf8WNC0Xc+hfu/BunbRbaeuDC4Zx7ufceL2JUKsv6NjILi0vLK9nV3Nr6xuaWub1Tl2EsMKnhkIWi6SFJGOWkpqhipBkJggKPkYbXvxr7jQERkob8Tg0j4gSoy6lPMVJacs29RLiV+9KoTR5iOoAnZ/DarRwVrGPXzFtFawI4T+yU5EGKqmt+tTshjgPCFWZIypZtRcpJkFAUMzLKtWNJIoT7qEtamnIUEOkkkw9G8FArHeiHQhdXcKL+nkhQIOUw8HRngFRPznpj8T+vFSv/wkkoj2JFOJ4u8mMGVQjHccAOFQQrNtQEYUH1rRD3kEBY6dByOgR79uV5Ui8Vbato357my5dpHFmwDw5AAdjgHJTBDaiCGsDgETyDV/BmPBkvxrvxMW3NGOnMLvgD4/MHgnKU9Q==</latexit><latexit sha1_base64="MOiqzfpbHkOYTJo8FOCVKSwwe9s=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR68KSFFGXRSm6rGAf0MYwmU7aoZNJnJkUSqgbf8WNC0Xc+hfu/BunbRbaeuDC4Zx7ufceL2JUKsv6NjILi0vLK9nV3Nr6xuaWub1Tl2EsMKnhkIWi6SFJGOWkpqhipBkJggKPkYbXvxr7jQERkob8Tg0j4gSoy6lPMVJacs29RLiV+9KoTR5iOoAnZ/DarRwVrGPXzFtFawI4T+yU5EGKqmt+tTshjgPCFWZIypZtRcpJkFAUMzLKtWNJIoT7qEtamnIUEOkkkw9G8FArHeiHQhdXcKL+nkhQIOUw8HRngFRPznpj8T+vFSv/wkkoj2JFOJ4u8mMGVQjHccAOFQQrNtQEYUH1rRD3kEBY6dByOgR79uV5Ui8Vbato357my5dpHFmwDw5AAdjgHJTBDaiCGsDgETyDV/BmPBkvxrvxMW3NGOnMLvgD4/MHgnKU9Q==</latexit>

G. A. Miller, PRC99, 035202

�r2E = V @r2E
@M2 > 0

<latexit sha1_base64="vly3Bu4pzp5IGmBIs8VZPgGcpyY="></latexit><latexit sha1_base64="vly3Bu4pzp5IGmBIs8VZPgGcpyY="></latexit><latexit sha1_base64="vly3Bu4pzp5IGmBIs8VZPgGcpyY="></latexit><latexit sha1_base64="vly3Bu4pzp5IGmBIs8VZPgGcpyY="></latexit>

@r2E
@M2 < 0 as computed in ALL models

<latexit sha1_base64="Z5/72A3Jlmuu7nTqv0I+vwxBygs="></latexit><latexit sha1_base64="Z5/72A3Jlmuu7nTqv0I+vwxBygs="></latexit><latexit sha1_base64="Z5/72A3Jlmuu7nTqv0I+vwxBygs="></latexit><latexit sha1_base64="Z5/72A3Jlmuu7nTqv0I+vwxBygs="></latexit>

�r2E = (�)(�) > 0

Proton radius growswhen proton is bound in a nucleus!

Negative derivative in all computed models

Next examine other models

<latexit sha1_base64="1Y0uDJgPodPPXc/mlSaFnC6fmTg="></latexit><latexit sha1_base64="1Y0uDJgPodPPXc/mlSaFnC6fmTg="></latexit><latexit sha1_base64="1Y0uDJgPodPPXc/mlSaFnC6fmTg="></latexit><latexit sha1_base64="1Y0uDJgPodPPXc/mlSaFnC6fmTg="></latexit>



Application: radius of proton II
r2E ⌘ �6G0

E(0)
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G. A. Miller, PRC99, 035202

�r2E = V @r2E
@M2 > 0
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Beg, Zepeda PRD6,2912

• MIT bag model (Chodos, Ja↵e, Johnson, Thorn PRD 10, 2599)

R / 1
M ! M2

r2E

@r2E
@M2 = �1

• Non-rel harmonic oscillator quark model (Isgur, Karl) PRD 20,1191

b2 / 1
mq

!, M2

r2E

@r2E
@M2 = � 1

2

• pion cloud model Beg

M2

r2E

@r2E
@m2

⇡
/ �M2

m2
⇡

• M increases with increasing m⇡

• models show that

M2

r2E

@r2E
@M2 is negative, so is the virtuality, V
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Application radius of proton II-Lattice
r2E(m

2
⇡), M2(m2

⇡)

�r2E = V @r2E
@M2 = V @r2E

@m2
⇡

@m2
⇡

@M2
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an approximately linear dependence on the pion mass, in
agreement with the ‘‘surprisingly linear’’ results of lattice
QCD simulations [8,35], found for values of ! greater
than about 290 MeV. The LHP lattice data [35] are
shown, and these are consistent with other lattice calcu-
lations as reviewed. Varying the value of MA within the
stated range changes the value of !" only for !>
0:5 GeV and by 5% or less. The low-order chiral approxi-
mation of Eqs. (10) and (14) fails badly, showing that the
chiral logarithms do not dominate for the relatively large
values of ! used in many previous lattice QCD calcula-
tions. One could carry out the expansions of Eqs. (10) and
(14) to higher order in !, but convergence requires many
terms. One achieves a satisfactory description of !ðNÞ
up to ! ¼ 0:65 GeV by keeping terms up to order !24

and of !ð"Þ up to ! ¼ M" $M by keeping terms up to
order !20.

It is worthwhile to compare our procedure with that of
some others. For example, if one uses the heavy baryon
limit to simplify Eq. (3), evaluates the integral by taking
the pion to be on its mass shell, and regularizes the diver-
gent integral over momentum by using a cutoff at a maxi-
mummomentum, one obtains results that correspond to the
terms used in Ref. [5]. The relativistic procedure of
Ref. [36] avoids the use of the heavy baryon limit by
treating the nucleon recoil terms using an expansion pro-
cedure and uses dimensional regularization. We include all
of the recoil terms and employ a cutoff procedure that is
constrained by experimental data. In chiral perturbation
theory, our procedure corresponds to keeping a specific set
of higher-order terms with a fixed relation between them, a
relation fixed by experimental data.

Our results do not include contributions of order higher
than 1=f2". These may be considered as keeping the lowest
order pion cloud corrections using an expansion in powers
of " % 1=ð4"f"RÞ2, where R is a confinement radius
[1,37,38]. Here R&

ffiffiffiffiffiffi
12

p
=MA, so " ' 1=12. Thus we ex-

pect our results for the terms computed here to be accurate
within about 10%. This argument was mainly applied to
terms involving combinations of couplings of the nucleon
to a single pion but also holds for the n-pion-nucleon

vertex, e.g., as appearing in Fig. 1(d). These terms enter
at higher orders in! in chiral perturbation theory [39]. The
coupling constant g"N and the confinement sizes of the
pion and the nucleon, although not explicit in chiral per-
turbation theory, enter into the calculation of the diagram in
terms of quarks and gluons and via the implicit dependence
of f" and g"N on the underlying strong coupling constant
#S. Therefore, we expect that the terms of the chiral
Lagrangian will be consistent with the expansion in ".
To test our treatment of the nucleon self-energy, we

consider the contribution to lepton-nucleon deep inelastic
scattering arising from virtual pions. This is related to the
termM", obtained from Feynman rules for the diagram of
Fig. 1(b), as

M " ¼ 2M
@!"

@!2 : (18)

This expression does not involve a ‘‘probability,’’ because
the square of a nucleon light-front wave function does not
appear. Note that charge and momentum are explicitly
conserved: Production of a pion of momentum k is accom-
panied by an intermediate nucleon of momentum p-k. The
integrations over k$ and k? are carried out explicitly, and
with the definition y ¼ kþ=pþ one finds

M" ¼
Z 1

0
dyf"ðyÞ; f"ðyÞ % fN"ðyÞ þ f""ðyÞ;

fN"ðyÞ % 3g2"N
"

2ð2"Þ3
Z 1

y2M2=ð1$yÞ
dt

tF2ð$tÞ
ðtþ!2Þ2 ;

f""ðyÞ % 2
"
g"N"

2M

#
2 "

ð2"Þ3
2

3

Z 1

½y2M2þyðM2
"
$M2Þ*=ð1$yÞ

+ dt
F2ð$tÞ
ðtþ!2Þ2

"
tþ 1

4M2
"

ðM2 $M2
" þ tÞ2

#

+ 1

2
½ðMþM"Þ2 þ t*: (19)

The functions fN"ðyÞ and f""ðyÞ are shown in Fig. 3, where
one observes that these functions are of roughly equal
importance.
The change in the quark distribution functions of the

nucleon, $qiðxÞ, from this effect is given by the convolu-
tion formula as $qiðxÞ ¼

R
1
x dyf"ðyÞq"i ðx=yÞ, with q"i the

distribution functions for quarks of flavor i in the pion. The
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FIG. 2 (color online). Nucleon mass as a function of !. Square
blocks: LHP lattice data [35]. Solid line: !" of Eqs. (17), (9),

and (13). Dashed line: Chiral approximation e!" ¼ e!"ðNÞ þ
e!"ð"Þ, Eqs. (10) and (14).
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FIG. 3 (color online). yf"ðyÞ for the intermediate "N and ""
states for MA ¼ 0:99; 1:03; 1:07 GeV.
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Product = (negative)*(negative)*(positive)

Proton radius increases in the medium

<latexit sha1_base64="pTJQbVNsWRVtN2X6iSg7QlP8Es0="></latexit>

   V/M2 = -.1 at center of nucleus
13% increase in size of proton 

Big number-

�rE = � V
M2 (1.1± 0.1) fm
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Shifting the quark mass acts in the same way as an
attractive scalar potential that causes non-zero virtuality.

So lattice  calculations with ~10 MeV steps in quark masses
would be very interesting  



Nuclei with A = 3

Standard procedure (Pieper:2001mp) R2
A = R2

pt + r2E

(CiofidegliAtti:2007ork) : V/M2 = �0.073, �rE = � V
M2 (1.1± 0.1) fm !

�rE = 0.08 fm.

Rpt = 1.54 fm (Piarulli:2012bn) rE 0.84 fm ! 0.92 fm gives 2% increase in
computed 3H charge radius. The 2% ⇡ present experimental uncertainties

Future experiments aim for better than 1%. �rE = 0.08 fm �
changes caused by meson exchange currents or variations in cuto↵s of
chiral perturbation theory (Piarulli:2012bn).

This expansion is testable.
<latexit sha1_base64="EofYiwaN6PRwendvIVKxv+K+fi4="></latexit><latexit sha1_base64="EofYiwaN6PRwendvIVKxv+K+fi4="></latexit><latexit sha1_base64="EofYiwaN6PRwendvIVKxv+K+fi4="></latexit><latexit sha1_base64="EofYiwaN6PRwendvIVKxv+K+fi4="></latexit>



Conjecture- maybe  

• Calculations here for electromagnetic form factors

• Perhaps all one-body matrix elements O obey the 
same theorem:   

p 

p 

?

1

?

1

Deep inelastic scattering as a function  of p2 ?

hO(p2)i ⇡ hO(M2)i+ (p2 �M2) @
@M2 hO(M2)i
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Lattice



Summary
• Nucleons are modified when bound in nuclei- they are Virtual Nucleons

• Elastic electron scattering result 4 models �F1,2(Q2) = V @
@M2F1,2(Q2)

• models respect current conservation, nucleon self-energy real-valued

• Maybe other matrix elements: hO(p2)i ⇡ hO(M2)i+(p2�M2) @
@M2 hO(M2)i

• Opens door to lattice QCD calculations

• precision nuclear structure calculations can compute virtuality
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New approach to medium modifications of proton structure 


