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Starting point: Nonperturbative QCD

The QCD partition function

The quark is relatively easy to handle but the gluon matters.

S =

Z
d4x
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: QCD Action

ZQCD =

Z
DAµDet[i /D + im̂] exp{�S[A]}
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ZQCD =

Z
D D †DAµ exp{�S[ , †, A]}
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Assertion: Instantons are the most dominant one.

Price to pay: No explicit effects of  the quark confinement

Gain: Chiral symmetry and its spontaneous breakdown is realized.



Instanton Vacuum (Instanton Liquid Model)

Refs. D.I. Diakonov & V. Yu Petrov, NPB 245 (1984) 259, NPB 272 (1986) 457

Review: Diakonov, hep-ph/0212026

Ze↵ = Det[i /D + im̂]
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: Instanton ensemble average
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Packing fraction:

Dilute instanton liquid

Integrations over zero modes can be performed independently  
(no overlapping between instantons). 

N2
c � 1� (Nc � 2)2
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Saddle-point approx. 4+1+(4Nc-5) zero modes
Z

DAµ[· · · ] !
Z

dzµD⇢DR[· · · ]
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Gluon condensate (Nonperturbative nature of  the QCD vacuum)
1

32⇡2
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a
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QCD sum rules

1
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R ' 1

200MeV
= 1 fm
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Gluon Energy of  the QCD vacuum

Instanton-antiinstanton ensemble stabilizes at a certain density related to  
the QCD Lambda:

⇢ ' 0.48/⇤MS ' 0.35 fm
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Natural scale of  the model
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' 1.35/⇤MS ' 0.95 fm
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⇤MS = 280MeV
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with used from the DIS data.
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Spontaneous breakdown of  chiral symmetry (SB  S)χ

Instanton vacuum provides a beautiful mechanism of  SB  Sχ
-D.I. Diakonov-

h  i = � 1

V
sign(m)⇡⌫(0)
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:Banks-Casher relation

Zero eigenvalue spectrum (zero mode) of  the Dirac operator in QCD 
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• Chiral condensate as an order parameter

Consequences of  SBxS
- Final values of  the chiral condensate 
- The Dynamical quark mass: 
- pseudo-NG bosons 
- Pion decay constant & GOR relation (explicit breaking of  XS)
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<latexit sha1_base64="ZBskc9vsnYaTCeBbKfF2DjDrXxc=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y0LFy3YC7ShTKYn7dDJJMxMhBr6BG51707c+jZufRKnbQQt+sPAx3/O4Zz5/ZgzpW37w8qtrW9sbuW3Czu7e/sHxcOjtooSSaFFIx7Jrk8UcCagpZnm0I0lkNDn0PEn1/N65x6kYpG409MYvJCMBAsYJdpYzdtBsWSX7cta1a5gAwsZcKtV13axkzkllKkxKH72hxFNQhCacqJUz7Fj7aVEakY5zAr9REFM6ISMoGdQkBCUly4OneEz4wxxEEnzhMYL9+dESkKlpqFvOkOix2q1Njf/rPnhymYd1LyUiTjRIOhycZBwrCM8TwEPmQSq+dQAoZKZ2zEdE0moNlkVTCjfP8f/Q7tSdgw3L0r1qyyePDpBp+gcOchFdXSDGqiFKAL0iJ7Qs/VgvViv1tuyNWdlM8fol6z3Lyc2k6o=</latexit><latexit sha1_base64="ZBskc9vsnYaTCeBbKfF2DjDrXxc=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y0LFy3YC7ShTKYn7dDJJMxMhBr6BG51707c+jZufRKnbQQt+sPAx3/O4Zz5/ZgzpW37w8qtrW9sbuW3Czu7e/sHxcOjtooSSaFFIx7Jrk8UcCagpZnm0I0lkNDn0PEn1/N65x6kYpG409MYvJCMBAsYJdpYzdtBsWSX7cta1a5gAwsZcKtV13axkzkllKkxKH72hxFNQhCacqJUz7Fj7aVEakY5zAr9REFM6ISMoGdQkBCUly4OneEz4wxxEEnzhMYL9+dESkKlpqFvOkOix2q1Njf/rPnhymYd1LyUiTjRIOhycZBwrCM8TwEPmQSq+dQAoZKZ2zEdE0moNlkVTCjfP8f/Q7tSdgw3L0r1qyyePDpBp+gcOchFdXSDGqiFKAL0iJ7Qs/VgvViv1tuyNWdlM8fol6z3Lyc2k6o=</latexit><latexit sha1_base64="ZBskc9vsnYaTCeBbKfF2DjDrXxc=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y0LFy3YC7ShTKYn7dDJJMxMhBr6BG51707c+jZufRKnbQQt+sPAx3/O4Zz5/ZgzpW37w8qtrW9sbuW3Czu7e/sHxcOjtooSSaFFIx7Jrk8UcCagpZnm0I0lkNDn0PEn1/N65x6kYpG409MYvJCMBAsYJdpYzdtBsWSX7cta1a5gAwsZcKtV13axkzkllKkxKH72hxFNQhCacqJUz7Fj7aVEakY5zAr9REFM6ISMoGdQkBCUly4OneEz4wxxEEnzhMYL9+dESkKlpqFvOkOix2q1Njf/rPnhymYd1LyUiTjRIOhycZBwrCM8TwEPmQSq+dQAoZKZ2zEdE0moNlkVTCjfP8f/Q7tSdgw3L0r1qyyePDpBp+gcOchFdXSDGqiFKAL0iJ7Qs/VgvViv1tuyNWdlM8fol6z3Lyc2k6o=</latexit><latexit sha1_base64="ZBskc9vsnYaTCeBbKfF2DjDrXxc=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y0LFy3YC7ShTKYn7dDJJMxMhBr6BG51707c+jZufRKnbQQt+sPAx3/O4Zz5/ZgzpW37w8qtrW9sbuW3Czu7e/sHxcOjtooSSaFFIx7Jrk8UcCagpZnm0I0lkNDn0PEn1/N65x6kYpG409MYvJCMBAsYJdpYzdtBsWSX7cta1a5gAwsZcKtV13axkzkllKkxKH72hxFNQhCacqJUz7Fj7aVEakY5zAr9REFM6ISMoGdQkBCUly4OneEz4wxxEEnzhMYL9+dESkKlpqFvOkOix2q1Njf/rPnhymYd1LyUiTjRIOhycZBwrCM8TwEPmQSq+dQAoZKZ2zEdE0moNlkVTCjfP8f/Q7tSdgw3L0r1qyyePDpBp+gcOchFdXSDGqiFKAL0iJ7Qs/VgvViv1tuyNWdlM8fol6z3Lyc2k6o=</latexit>

R
<latexit sha1_base64="njZbFWD9AW6lez+JmtIVaO931Io=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y3LVuwF2lAm05N26GQSZiZCDX0Ct7p3J259G7c+idM2ghb9YeDjP+dwzvx+zJnStv1h5dbWNza38tuFnd29/YPi4VFbRYmk0KIRj2TXJwo4E9DSTHPoxhJI6HPo+JPreb1zD1KxSNzpaQxeSEaCBYwSbazm7aBYssv2Za1qV7CBhQy41apru9jJnBLK1BgUP/vDiCYhCE05Uarn2LH2UiI1oxxmhX6iICZ0QkbQMyhICMpLF4fO8JlxhjiIpHlC44X7cyIloVLT0DedIdFjtVqbm3/W/HBlsw5qXspEnGgQdLk4SDjWEZ6ngIdMAtV8aoBQycztmI6JJFSbrAomlO+f4/+hXSk7hpsXpfpVFk8enaBTdI4c5KI6ukEN1EIUAXpET+jZerBerFfrbdmas7KZY/RL1vsXMK6TsA==</latexit><latexit sha1_base64="njZbFWD9AW6lez+JmtIVaO931Io=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y3LVuwF2lAm05N26GQSZiZCDX0Ct7p3J259G7c+idM2ghb9YeDjP+dwzvx+zJnStv1h5dbWNza38tuFnd29/YPi4VFbRYmk0KIRj2TXJwo4E9DSTHPoxhJI6HPo+JPreb1zD1KxSNzpaQxeSEaCBYwSbazm7aBYssv2Za1qV7CBhQy41apru9jJnBLK1BgUP/vDiCYhCE05Uarn2LH2UiI1oxxmhX6iICZ0QkbQMyhICMpLF4fO8JlxhjiIpHlC44X7cyIloVLT0DedIdFjtVqbm3/W/HBlsw5qXspEnGgQdLk4SDjWEZ6ngIdMAtV8aoBQycztmI6JJFSbrAomlO+f4/+hXSk7hpsXpfpVFk8enaBTdI4c5KI6ukEN1EIUAXpET+jZerBerFfrbdmas7KZY/RL1vsXMK6TsA==</latexit><latexit sha1_base64="njZbFWD9AW6lez+JmtIVaO931Io=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y3LVuwF2lAm05N26GQSZiZCDX0Ct7p3J259G7c+idM2ghb9YeDjP+dwzvx+zJnStv1h5dbWNza38tuFnd29/YPi4VFbRYmk0KIRj2TXJwo4E9DSTHPoxhJI6HPo+JPreb1zD1KxSNzpaQxeSEaCBYwSbazm7aBYssv2Za1qV7CBhQy41apru9jJnBLK1BgUP/vDiCYhCE05Uarn2LH2UiI1oxxmhX6iICZ0QkbQMyhICMpLF4fO8JlxhjiIpHlC44X7cyIloVLT0DedIdFjtVqbm3/W/HBlsw5qXspEnGgQdLk4SDjWEZ6ngIdMAtV8aoBQycztmI6JJFSbrAomlO+f4/+hXSk7hpsXpfpVFk8enaBTdI4c5KI6ukEN1EIUAXpET+jZerBerFfrbdmas7KZY/RL1vsXMK6TsA==</latexit><latexit sha1_base64="njZbFWD9AW6lez+JmtIVaO931Io=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y3LVuwF2lAm05N26GQSZiZCDX0Ct7p3J259G7c+idM2ghb9YeDjP+dwzvx+zJnStv1h5dbWNza38tuFnd29/YPi4VFbRYmk0KIRj2TXJwo4E9DSTHPoxhJI6HPo+JPreb1zD1KxSNzpaQxeSEaCBYwSbazm7aBYssv2Za1qV7CBhQy41apru9jJnBLK1BgUP/vDiCYhCE05Uarn2LH2UiI1oxxmhX6iICZ0QkbQMyhICMpLF4fO8JlxhjiIpHlC44X7cyIloVLT0DedIdFjtVqbm3/W/HBlsw5qXspEnGgQdLk4SDjWEZ6ngIdMAtV8aoBQycztmI6JJFSbrAomlO+f4/+hXSk7hpsXpfpVFk8enaBTdI4c5KI6ukEN1EIUAXpET+jZerBerFfrbdmas7KZY/RL1vsXMK6TsA==</latexit>

R
<latexit sha1_base64="njZbFWD9AW6lez+JmtIVaO931Io=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y3LVuwF2lAm05N26GQSZiZCDX0Ct7p3J259G7c+idM2ghb9YeDjP+dwzvx+zJnStv1h5dbWNza38tuFnd29/YPi4VFbRYmk0KIRj2TXJwo4E9DSTHPoxhJI6HPo+JPreb1zD1KxSNzpaQxeSEaCBYwSbazm7aBYssv2Za1qV7CBhQy41apru9jJnBLK1BgUP/vDiCYhCE05Uarn2LH2UiI1oxxmhX6iICZ0QkbQMyhICMpLF4fO8JlxhjiIpHlC44X7cyIloVLT0DedIdFjtVqbm3/W/HBlsw5qXspEnGgQdLk4SDjWEZ6ngIdMAtV8aoBQycztmI6JJFSbrAomlO+f4/+hXSk7hpsXpfpVFk8enaBTdI4c5KI6ukEN1EIUAXpET+jZerBerFfrbdmas7KZY/RL1vsXMK6TsA==</latexit><latexit sha1_base64="njZbFWD9AW6lez+JmtIVaO931Io=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y3LVuwF2lAm05N26GQSZiZCDX0Ct7p3J259G7c+idM2ghb9YeDjP+dwzvx+zJnStv1h5dbWNza38tuFnd29/YPi4VFbRYmk0KIRj2TXJwo4E9DSTHPoxhJI6HPo+JPreb1zD1KxSNzpaQxeSEaCBYwSbazm7aBYssv2Za1qV7CBhQy41apru9jJnBLK1BgUP/vDiCYhCE05Uarn2LH2UiI1oxxmhX6iICZ0QkbQMyhICMpLF4fO8JlxhjiIpHlC44X7cyIloVLT0DedIdFjtVqbm3/W/HBlsw5qXspEnGgQdLk4SDjWEZ6ngIdMAtV8aoBQycztmI6JJFSbrAomlO+f4/+hXSk7hpsXpfpVFk8enaBTdI4c5KI6ukEN1EIUAXpET+jZerBerFfrbdmas7KZY/RL1vsXMK6TsA==</latexit><latexit sha1_base64="njZbFWD9AW6lez+JmtIVaO931Io=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y3LVuwF2lAm05N26GQSZiZCDX0Ct7p3J259G7c+idM2ghb9YeDjP+dwzvx+zJnStv1h5dbWNza38tuFnd29/YPi4VFbRYmk0KIRj2TXJwo4E9DSTHPoxhJI6HPo+JPreb1zD1KxSNzpaQxeSEaCBYwSbazm7aBYssv2Za1qV7CBhQy41apru9jJnBLK1BgUP/vDiCYhCE05Uarn2LH2UiI1oxxmhX6iICZ0QkbQMyhICMpLF4fO8JlxhjiIpHlC44X7cyIloVLT0DedIdFjtVqbm3/W/HBlsw5qXspEnGgQdLk4SDjWEZ6ngIdMAtV8aoBQycztmI6JJFSbrAomlO+f4/+hXSk7hpsXpfpVFk8enaBTdI4c5KI6ukEN1EIUAXpET+jZerBerFfrbdmas7KZY/RL1vsXMK6TsA==</latexit><latexit sha1_base64="njZbFWD9AW6lez+JmtIVaO931Io=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y3LVuwF2lAm05N26GQSZiZCDX0Ct7p3J259G7c+idM2ghb9YeDjP+dwzvx+zJnStv1h5dbWNza38tuFnd29/YPi4VFbRYmk0KIRj2TXJwo4E9DSTHPoxhJI6HPo+JPreb1zD1KxSNzpaQxeSEaCBYwSbazm7aBYssv2Za1qV7CBhQy41apru9jJnBLK1BgUP/vDiCYhCE05Uarn2LH2UiI1oxxmhX6iICZ0QkbQMyhICMpLF4fO8JlxhjiIpHlC44X7cyIloVLT0DedIdFjtVqbm3/W/HBlsw5qXspEnGgQdLk4SDjWEZ6ngIdMAtV8aoBQycztmI6JJFSbrAomlO+f4/+hXSk7hpsXpfpVFk8enaBTdI4c5KI6ukEN1EIUAXpET+jZerBerFfrbdmas7KZY/RL1vsXMK6TsA==</latexit>

R
<latexit sha1_base64="njZbFWD9AW6lez+JmtIVaO931Io=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y3LVuwF2lAm05N26GQSZiZCDX0Ct7p3J259G7c+idM2ghb9YeDjP+dwzvx+zJnStv1h5dbWNza38tuFnd29/YPi4VFbRYmk0KIRj2TXJwo4E9DSTHPoxhJI6HPo+JPreb1zD1KxSNzpaQxeSEaCBYwSbazm7aBYssv2Za1qV7CBhQy41apru9jJnBLK1BgUP/vDiCYhCE05Uarn2LH2UiI1oxxmhX6iICZ0QkbQMyhICMpLF4fO8JlxhjiIpHlC44X7cyIloVLT0DedIdFjtVqbm3/W/HBlsw5qXspEnGgQdLk4SDjWEZ6ngIdMAtV8aoBQycztmI6JJFSbrAomlO+f4/+hXSk7hpsXpfpVFk8enaBTdI4c5KI6ukEN1EIUAXpET+jZerBerFfrbdmas7KZY/RL1vsXMK6TsA==</latexit><latexit sha1_base64="njZbFWD9AW6lez+JmtIVaO931Io=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y3LVuwF2lAm05N26GQSZiZCDX0Ct7p3J259G7c+idM2ghb9YeDjP+dwzvx+zJnStv1h5dbWNza38tuFnd29/YPi4VFbRYmk0KIRj2TXJwo4E9DSTHPoxhJI6HPo+JPreb1zD1KxSNzpaQxeSEaCBYwSbazm7aBYssv2Za1qV7CBhQy41apru9jJnBLK1BgUP/vDiCYhCE05Uarn2LH2UiI1oxxmhX6iICZ0QkbQMyhICMpLF4fO8JlxhjiIpHlC44X7cyIloVLT0DedIdFjtVqbm3/W/HBlsw5qXspEnGgQdLk4SDjWEZ6ngIdMAtV8aoBQycztmI6JJFSbrAomlO+f4/+hXSk7hpsXpfpVFk8enaBTdI4c5KI6ukEN1EIUAXpET+jZerBerFfrbdmas7KZY/RL1vsXMK6TsA==</latexit><latexit sha1_base64="njZbFWD9AW6lez+JmtIVaO931Io=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y3LVuwF2lAm05N26GQSZiZCDX0Ct7p3J259G7c+idM2ghb9YeDjP+dwzvx+zJnStv1h5dbWNza38tuFnd29/YPi4VFbRYmk0KIRj2TXJwo4E9DSTHPoxhJI6HPo+JPreb1zD1KxSNzpaQxeSEaCBYwSbazm7aBYssv2Za1qV7CBhQy41apru9jJnBLK1BgUP/vDiCYhCE05Uarn2LH2UiI1oxxmhX6iICZ0QkbQMyhICMpLF4fO8JlxhjiIpHlC44X7cyIloVLT0DedIdFjtVqbm3/W/HBlsw5qXspEnGgQdLk4SDjWEZ6ngIdMAtV8aoBQycztmI6JJFSbrAomlO+f4/+hXSk7hpsXpfpVFk8enaBTdI4c5KI6ukEN1EIUAXpET+jZerBerFfrbdmas7KZY/RL1vsXMK6TsA==</latexit><latexit sha1_base64="njZbFWD9AW6lez+JmtIVaO931Io=">AAAB+HicdZDLSsNAFIYn9VbrrerSzWARXJWkWNNl0Y3LVuwF2lAm05N26GQSZiZCDX0Ct7p3J259G7c+idM2ghb9YeDjP+dwzvx+zJnStv1h5dbWNza38tuFnd29/YPi4VFbRYmk0KIRj2TXJwo4E9DSTHPoxhJI6HPo+JPreb1zD1KxSNzpaQxeSEaCBYwSbazm7aBYssv2Za1qV7CBhQy41apru9jJnBLK1BgUP/vDiCYhCE05Uarn2LH2UiI1oxxmhX6iICZ0QkbQMyhICMpLF4fO8JlxhjiIpHlC44X7cyIloVLT0DedIdFjtVqbm3/W/HBlsw5qXspEnGgQdLk4SDjWEZ6ngIdMAtV8aoBQycztmI6JJFSbrAomlO+f4/+hXSk7hpsXpfpVFk8enaBTdI4c5KI6ukEN1EIUAXpET+jZerBerFfrbdmas7KZY/RL1vsXMK6TsA==</latexit>

Mechanism of  how the quark acquires the dynamical mass

• The helicity of  quarks flips in the course of  hopping  
from instantons to antiinstantons and 

�h  iM = ih † iE = 4Nc

Z
d4p

M(p)

p2 +M2(p)

= const.

s
NNc

⇡2V4⇢
2 = �(253MeV)3

<latexit sha1_base64="/PXi8bml4t0H/TxXToSXcgb+DZU="></latexit><latexit sha1_base64="/PXi8bml4t0H/TxXToSXcgb+DZU="></latexit><latexit sha1_base64="/PXi8bml4t0H/TxXToSXcgb+DZU="></latexit><latexit sha1_base64="/PXi8bml4t0H/TxXToSXcgb+DZU="></latexit>

M(p)
<latexit sha1_base64="OmfcmgTqZycF9clraphEBPOmBD4=">AAAB+3icdZDLSsNAFIZP6q3WW9Wlm8Ei1E1JijVdFt24ESrYC7ShTKaTduhkEmYmQil9Bbe6dydufRi3PomTNoIW/WHg4z/ncM78fsyZ0rb9YeXW1jc2t/LbhZ3dvf2D4uFRW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5Dqtdx6oVCwS93oaUy/EI8ECRrBOrdtyfD4oluyKfVmv2VVkYCEDbq3m2i5yMqcEmZqD4md/GJEkpEITjpXqOXasvRmWmhFO54V+omiMyQSPaM+gwCFV3mxx6xydGWeIgkiaJzRauD8nZjhUahr6pjPEeqxWa6n5Z80PVzbroO7NmIgTTQVZLg4SjnSE0iDQkElKNJ8awEQyczsiYywx0Sauggnl++fof2hXK47hu4tS4yqLJw8ncAplcMCFBtxAE1pAYAyP8ATP1tx6sV6tt2VrzspmjuGXrPcvyfaUig==</latexit><latexit sha1_base64="OmfcmgTqZycF9clraphEBPOmBD4=">AAAB+3icdZDLSsNAFIZP6q3WW9Wlm8Ei1E1JijVdFt24ESrYC7ShTKaTduhkEmYmQil9Bbe6dydufRi3PomTNoIW/WHg4z/ncM78fsyZ0rb9YeXW1jc2t/LbhZ3dvf2D4uFRW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5Dqtdx6oVCwS93oaUy/EI8ECRrBOrdtyfD4oluyKfVmv2VVkYCEDbq3m2i5yMqcEmZqD4md/GJEkpEITjpXqOXasvRmWmhFO54V+omiMyQSPaM+gwCFV3mxx6xydGWeIgkiaJzRauD8nZjhUahr6pjPEeqxWa6n5Z80PVzbroO7NmIgTTQVZLg4SjnSE0iDQkElKNJ8awEQyczsiYywx0Sauggnl++fof2hXK47hu4tS4yqLJw8ncAplcMCFBtxAE1pAYAyP8ATP1tx6sV6tt2VrzspmjuGXrPcvyfaUig==</latexit><latexit sha1_base64="OmfcmgTqZycF9clraphEBPOmBD4=">AAAB+3icdZDLSsNAFIZP6q3WW9Wlm8Ei1E1JijVdFt24ESrYC7ShTKaTduhkEmYmQil9Bbe6dydufRi3PomTNoIW/WHg4z/ncM78fsyZ0rb9YeXW1jc2t/LbhZ3dvf2D4uFRW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5Dqtdx6oVCwS93oaUy/EI8ECRrBOrdtyfD4oluyKfVmv2VVkYCEDbq3m2i5yMqcEmZqD4md/GJEkpEITjpXqOXasvRmWmhFO54V+omiMyQSPaM+gwCFV3mxx6xydGWeIgkiaJzRauD8nZjhUahr6pjPEeqxWa6n5Z80PVzbroO7NmIgTTQVZLg4SjnSE0iDQkElKNJ8awEQyczsiYywx0Sauggnl++fof2hXK47hu4tS4yqLJw8ncAplcMCFBtxAE1pAYAyP8ATP1tx6sV6tt2VrzspmjuGXrPcvyfaUig==</latexit><latexit sha1_base64="OmfcmgTqZycF9clraphEBPOmBD4=">AAAB+3icdZDLSsNAFIZP6q3WW9Wlm8Ei1E1JijVdFt24ESrYC7ShTKaTduhkEmYmQil9Bbe6dydufRi3PomTNoIW/WHg4z/ncM78fsyZ0rb9YeXW1jc2t/LbhZ3dvf2D4uFRW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5Dqtdx6oVCwS93oaUy/EI8ECRrBOrdtyfD4oluyKfVmv2VVkYCEDbq3m2i5yMqcEmZqD4md/GJEkpEITjpXqOXasvRmWmhFO54V+omiMyQSPaM+gwCFV3mxx6xydGWeIgkiaJzRauD8nZjhUahr6pjPEeqxWa6n5Z80PVzbroO7NmIgTTQVZLg4SjnSE0iDQkElKNJ8awEQyczsiYywx0Sauggnl++fof2hXK47hu4tS4yqLJw8ncAplcMCFBtxAE1pAYAyP8ATP1tx6sV6tt2VrzspmjuGXrPcvyfaUig==</latexit>

: Dynamical quark mass from  
the Fourier transform of  the quark  
zero mode in the instanton background



Merit of  the instanton vacuum

• Given                                ,⇤MS = 280MeV
<latexit sha1_base64="yj6EHtMBUtpfXXGJaZGvTZU9cJ0="></latexit><latexit sha1_base64="yj6EHtMBUtpfXXGJaZGvTZU9cJ0="></latexit><latexit sha1_base64="yj6EHtMBUtpfXXGJaZGvTZU9cJ0="></latexit><latexit sha1_base64="yj6EHtMBUtpfXXGJaZGvTZU9cJ0="></latexit>

We obtain                                             .⇢ ⇡ 0.35 fm and R ⇡ 1 fm
<latexit sha1_base64="IvpmTyd8HS4ZRSLB/+2wnQfedwk="></latexit><latexit sha1_base64="IvpmTyd8HS4ZRSLB/+2wnQfedwk="></latexit><latexit sha1_base64="IvpmTyd8HS4ZRSLB/+2wnQfedwk="></latexit><latexit sha1_base64="IvpmTyd8HS4ZRSLB/+2wnQfedwk="></latexit>

h  iM = �(253MeV)3
<latexit sha1_base64="eJGNxbEzyEBrXpHUC4QbdoqUFUU="></latexit><latexit sha1_base64="eJGNxbEzyEBrXpHUC4QbdoqUFUU="></latexit><latexit sha1_base64="eJGNxbEzyEBrXpHUC4QbdoqUFUU="></latexit><latexit sha1_base64="eJGNxbEzyEBrXpHUC4QbdoqUFUU="></latexit>

M(0) ⇡ 350MeV
<latexit sha1_base64="hu4++f6scuALvcgUuethbeRQYek=">AAACF3icdVDLSgMxFM3UV62vqktBgkWoICVTHafLohs3hQq2FjqlZNK0DU1mhiQjlqE7f8JfcKt7d+LWpVu/xPQhaNEDFw7n3Mu99/gRZ0oj9GGlFhaXllfSq5m19Y3Nrez2Tl2FsSS0RkIeyoaPFeUsoDXNNKeNSFIsfE5v/MHF2L+5pVKxMLjWw4i2BO4FrMsI1kZqZ/creXQEPRxFMryDJw7yjj2BdV+KpELro3Y2hwrorOSgIjRkAkNcx3GRC+2ZkgMzVNvZT68TkljQQBOOlWraKNKtBEvNCKejjBcrGmEywD3aNDTAgqpWMvljBA+N0oHdUJoKNJyoPycSLJQaCt90jm9U895Y/NPzxdxm3S21EhZEsaYBmS7uxhzqEI5Dgh0mKdF8aAgmkpnbIeljiYk2UWZMKN+fw/9JvViwDb86zZXPZ/GkwR44AHlgAxeUwSWoghog4B48gifwbD1YL9ar9TZtTVmzmV3wC9b7F7i5nro=</latexit><latexit sha1_base64="hu4++f6scuALvcgUuethbeRQYek=">AAACF3icdVDLSgMxFM3UV62vqktBgkWoICVTHafLohs3hQq2FjqlZNK0DU1mhiQjlqE7f8JfcKt7d+LWpVu/xPQhaNEDFw7n3Mu99/gRZ0oj9GGlFhaXllfSq5m19Y3Nrez2Tl2FsSS0RkIeyoaPFeUsoDXNNKeNSFIsfE5v/MHF2L+5pVKxMLjWw4i2BO4FrMsI1kZqZ/creXQEPRxFMryDJw7yjj2BdV+KpELro3Y2hwrorOSgIjRkAkNcx3GRC+2ZkgMzVNvZT68TkljQQBOOlWraKNKtBEvNCKejjBcrGmEywD3aNDTAgqpWMvljBA+N0oHdUJoKNJyoPycSLJQaCt90jm9U895Y/NPzxdxm3S21EhZEsaYBmS7uxhzqEI5Dgh0mKdF8aAgmkpnbIeljiYk2UWZMKN+fw/9JvViwDb86zZXPZ/GkwR44AHlgAxeUwSWoghog4B48gifwbD1YL9ar9TZtTVmzmV3wC9b7F7i5nro=</latexit><latexit sha1_base64="hu4++f6scuALvcgUuethbeRQYek=">AAACF3icdVDLSgMxFM3UV62vqktBgkWoICVTHafLohs3hQq2FjqlZNK0DU1mhiQjlqE7f8JfcKt7d+LWpVu/xPQhaNEDFw7n3Mu99/gRZ0oj9GGlFhaXllfSq5m19Y3Nrez2Tl2FsSS0RkIeyoaPFeUsoDXNNKeNSFIsfE5v/MHF2L+5pVKxMLjWw4i2BO4FrMsI1kZqZ/creXQEPRxFMryDJw7yjj2BdV+KpELro3Y2hwrorOSgIjRkAkNcx3GRC+2ZkgMzVNvZT68TkljQQBOOlWraKNKtBEvNCKejjBcrGmEywD3aNDTAgqpWMvljBA+N0oHdUJoKNJyoPycSLJQaCt90jm9U895Y/NPzxdxm3S21EhZEsaYBmS7uxhzqEI5Dgh0mKdF8aAgmkpnbIeljiYk2UWZMKN+fw/9JvViwDb86zZXPZ/GkwR44AHlgAxeUwSWoghog4B48gifwbD1YL9ar9TZtTVmzmV3wC9b7F7i5nro=</latexit><latexit sha1_base64="hu4++f6scuALvcgUuethbeRQYek=">AAACF3icdVDLSgMxFM3UV62vqktBgkWoICVTHafLohs3hQq2FjqlZNK0DU1mhiQjlqE7f8JfcKt7d+LWpVu/xPQhaNEDFw7n3Mu99/gRZ0oj9GGlFhaXllfSq5m19Y3Nrez2Tl2FsSS0RkIeyoaPFeUsoDXNNKeNSFIsfE5v/MHF2L+5pVKxMLjWw4i2BO4FrMsI1kZqZ/creXQEPRxFMryDJw7yjj2BdV+KpELro3Y2hwrorOSgIjRkAkNcx3GRC+2ZkgMzVNvZT68TkljQQBOOlWraKNKtBEvNCKejjBcrGmEywD3aNDTAgqpWMvljBA+N0oHdUJoKNJyoPycSLJQaCt90jm9U895Y/NPzxdxm3S21EhZEsaYBmS7uxhzqEI5Dgh0mKdF8aAgmkpnbIeljiYk2UWZMKN+fw/9JvViwDb86zZXPZ/GkwR44AHlgAxeUwSWoghog4B48gifwbD1YL9ar9TZtTVmzmV3wC9b7F7i5nro=</latexit>

f2
⇡ ⇡ 4Nc

Z
d4p

M2(p)

(p2 +M2(p))2
⇡ (94MeV)2
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• 2Nf  quark-quark interactions: Chiral dynamics of  the quark  
and pseudo-NG bosons.

• All low-energy theorems are satisfied.  
• U(1) Axial anomaly is also explained.



Low-energy QCD partition function

2Nf  quark interations



Bosonization: Effective chiral action - our starting point

Ze↵
QCD =

Z
D D †D⇡a exp

Z
d4x †(i/@ + i

p
M(i@)U�5 [⇡a]

p
M(i@) + im̂) 

�
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Z
D⇡a exp(�Se↵ [⇡

a])
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Nonlocal Effective chiral action (Nonlocal chiral quark model)
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a] = �NcTrlog

⇣
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p
M(i@) + im̂
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: Chiral field (pseudo-NG boson field)

We used this action to compute all the properties of  the pions and kaons.

Se↵ [⇡
a] = �NcTrlog (i/@ + iMU�5 + im̂)
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Local version: Chiral quark model (Regularization is inevitable.)

: starting point



Se↵ [⇡
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In even lower energies

Small pion momentum Derivative expansion

L(2) =
f2
⇡

4
h@µU†@µUi
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L(4) = L1h@µU †@µUi2 + L2h@µU †@⌫Ui2 + L3h@µU †@µUi@⌫U †@⌫Ui
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H. Choi and HChK,PRD 69 (2004) 054004.



Witten’s seminal idea: Baryon in the large Nc

- Problem in low-energy QCD: Large value of  the strong coupling constant

The number of  color as an implicit expansion parameter

A baryon can be viewed as a state of Nc quarks bound  
by mesonic mean fields. 

NPB, 149(1979)285

Its mass is proportional to Nc, while its width is of order O(1).
Mesons are weakly interacting  
(Quantum fluctuations are suppressed by 1/Nc: O(1/Nc)).



S[�]Given action           ,

�0
�S

��

����
�=�0

= 0 : Solution of this saddle-point equation

Mean fields in Quantum field theory

This classical solution is regarded as a mean field.

Mean-field potential that is produced by  
all other particles. 

Nuclear shell models
Ginzburg-Landau theory for superconductivity
Quark potential models for baryons



“For the baryons, things are not so good. Witten’s theory is an 
analytical triumph but a phenomenological disaster.”  
- S. Coleman- S. Coleman, 1/N, in Aspects of Symmetry (1985)

A.V. Manohar, Large N QCD, hep-ph/9802419

In fact, Witten discussed the baryons including excited ones in 
detail in his seminal paper. 

We will show here a possible realization of Witten’s idea,  
and the pion mean-field approach indeed describes the  
structure of baryons very well.



Pion mean-field approach (Chiral Quark-Soliton Model)

Baryons as a state of Nc quarks bound by mesonic mean fields. 

 Key point: Hedgehog Ansatz

⇡a(r) =

⇢
naF (r), na = xa/r, a = 1, 2, 3
0, a = 4, 5, 6, 7, 8.

It breaks spontaneously SU(3)flavor ⌦O(3)space ! SU(2)isospin+space

Se↵ [⇡
a] = �NcTrlog (i/@ + iMU�5 + im̂)
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Witten’s trivial embedding









sea
levels:

energy
increases

valence
level:

energy
decreases

system is stabilized



B B

Baryon as Nc valence quarks bound by pion mean fields

hJBJ†
Bi0 ⇠ e�NcEvalT

Presence of Nc quarks will polarize the vacuum or create mean fields.

Nc valence quarks Vacuum polarization or meson mean fields



Baryon as Nc valence quarks bound by pion mean fields

⇠ e�EseaT

⇠ e�NcEvalTB B

Classical Nucleon mass is described by the Nc valence quark energy  
and sea-quark energy.

Ecl = NcEval + Esea

�Ecl

�U
= 0 Mcl P (r)

P(r): Soliton profile function  
 or Soliton field



Baryon as Nc valence quarks bound by pion mean fields

exp[�EclT ] = exp [�(NcEval + Esea)T ]
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Classical equation of  motion



Mean-field approximation (Hartree approximation)

   Solve Dirac Eq.   En, �n
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Start with a test profile function

Minimize the Classical Energy

Solve Eq. Of  Motion for a new profile

Stop if  the classical soliton energy is converged enough.
Final profile function



Collective (Zero-mode) quantization

Witten’s embeddingUo =

✓
ein·⌧P (r) 0

0 1

◆
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HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995) 

Collective (Zero-mode) quantization



H
rot
(p,q) = Msol +

1

2I1

3X

i=1

Ĵ
2
i +

1

2I2

7X

a=4

Ĵ
2
a

Erot
(p, q) = Msol +

J(J + 1)

2I1
+

C2(p, q)� J(J + 1)� 3/4Y 0 2

2I2

Collective rotational Hamiltonian

Y 0 =
Nc

3

Right hypercharge: Constraint on the quantization of the chiral 
soliton This constraint selects a tower of the allowed rotational 
excitations of the SU(3) hedgehog. 

classical nucleon mass



Success of the XQSM in the light baryon sector

Connection to QCD via the instanton vacuum (natural scale)
The mass splittings of the lowest-lying hyperons 
All different types of baryon form factors 
Parton distribution amplitudes (u-d asymmetry, transversity)
Quasi-parton distribution amplitudes
GPDs 

⇢ ⇡ 600MeV

Two different directions for further development

Heavy baryon sector Excited baryon sector



In the heavy quark mass limit, a heavy quark spin is conserved, so light-
quark spin is also conserved.
In this limit, a heavy quark can be considered as a color static source.
Dynamics is governed by light quarks.

3⌦ 3 = 3� 6

Singly heavy baryons in SU(3)



Valence quarks are bound by the meson mean fields. 
Light quarks govern a heavy-light quark system. 
Heavy quarks can be simply viewed as static color sources.

Right hypercharge Y 0 =
Nc � 1

3

A heavy quark: Static color source to make a heavy baryon color singlet.

K = J + T = 0, T8 =
Nc � 1

2
p
3

Ground-state heavy baryons

 D. Diakonov, arXiv:1003.2157 [hep-ph].

Gh.S. Yang, HChK, M. Polyakov, M. Praszalowicz, PRD 94, 071501(R) (2016)

Heavy baryons in the XQSM



Nc-1 light quarks govern a singly heavy baryon.

Heavy baryons in the XQSM



Nc-1 quarks represent heavy-baryon spectra.

Y 0 =
Nc � 1

3

The lowest rotationally excited states 

Grand spin: K = 0 ! T = J

T=0 for a anti-triplet: J=0 for it. Combining a charm quark with spin 1/2,  
we have one anti-triplet. 
 T=1 for a sextet: J=1. We have two sextets with a charm quark. 
(1/2, 3/2). Y 0 = 2/3

3⇥ 3 = 3+ 6

Heavy baryons in the XQSM



Hbr = ↵D
(8)
88 + �Y +

�p
3

3X

i=1

D
(8)
8i Ji

The collective Hamiltonian for SU(3) symmetry breaking

In the light-quark sector, we have fixed already these dynamical parameters as 

↵ = �2ms

3
� � �Y 0 = �(255.03± 5.82)MeV

� = �msK2

I2
= �(140.04± 3.20)MeV

� =
2msK1

I1
+ 2� = �(101.08± 2.33)MeV

↵ ! ↵̄ =
Nc � 1

Nc
↵

G. S. Yang,  HChK, PTP, 128, 397 (2012).

SU(3) symmetry breaking
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Hyperfine splitting between different spin states

HLQ =
2

3



mQ Msol
SL · SQ =

2

3

{
mQ

SL · SQ

The ratio can be determined by  
the center values of the sextet  
masses

{
mc

= (68.1± 1.1)MeV

{
mb

= (20.3± 1.0)MeV

Remind you that all the parameters are  
the same as in the light baryon sector except  
for the hyperfine interaction.

Gh.S. Yang, HChK, M. Polyakov, M. Praszalowicz, PRD 94, 071501(R) (2016)

Hyperfine mass splittings (only new parameter)



Results for the charmed baryon masses

Gh.S. Yang, HChK, M. Polyakov, M. Praszalowicz, PRD 94, 071501(R) (2016)

⇠c = (MBb
th �MBb

exp)/M
Bb
exp
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Results for the bottom baryon masses

Gh.S. Yang, HChK, M. Polyakov, M. Praszalowicz, PRD 94, 071501(R) (2016)

The results are in remarkable agreement with the experimental data.

⇠c = (MBc
th �MBc

exp)/M
Bc
exp
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Prediction from the present work



Collective operators for the magnetic moments

The parameter wi’s are determined by the experimental data on  
the magnetic moments of the baryon octet.

Results of the magnetic moments of the baryon sextet with spin 1/2

Yang & HChK, PLB 781, 601 (2018).

No additional  
free parameter!

Magnetic moments of heavy baryons



Magnetic moments of heavy baryons

Results of the magnetic moments of the baryon sextet with spin 3/2

Yang & HChK, PLB 781, 601 (2018).

No additional  
free parameter!



Collective operator for the strong vertices in SU(3) symmetric case

HChK, Polyakov, Praszalowicz, Yang, PRD, D96, 094021 (2017).

O' =
3

M1 +M2

X

i=1,2,3


G0D

(8)
' i �G1 dibcD

(8)
' bŜc �G2

1
p
3
D(8)

' 8Ŝi

�
pi

�B1!B2+' =
1

2⇡
hB2 |O'|B1i

2 M2

M1
p

Decay widths G0 = �M +M 0

6f'
a1

G1,2 =
M +M 0

6f'
a2,3

No additional  
free parameter!

f⇡ = 93MeV, fK = 1.2f⇡

These parameters a_i have been determined  
by the hyperon semileptonic decays. 

G. Yang and HChK, PRC 92, 035206 (2015)

Strong decay rates



Decay widths of the charm baryon sextet

Experimental data are taken from the PDG Book.

No additional free parameter!

HChK, Polyakov, Praszalowicz, Yang, PRD, D96, 094021 (2017).

Strong decays of heavy baryons



Decay widths of the bottom baryon sextet

Experimental data are taken from the PDG Book.

No additional free parameter!

HChK, Polyakov, Praszalowicz, Yang, PRD, D96, 094021 (2017).

Strong decays of heavy baryons



Jµ(x) =  ̄(x)�µQ̂ (x) + eQ ̄(x)�µ (x)
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- Heavy quark: point-like structure
(mQ ! 1)
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Electric charge densities

⌃+
c
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proton (uud)
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J.Y. Kim and HChK, PRD D97, 114009 (2018).

Electromagnetic form factors



J.Y. Kim and HChK, PRD D97, 114009 (2018).

Electromagnetic form factors

Electric charge densities
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J.Y. Kim and HChK, PRD D97, 114009 (2018).

Electromagnetic form factors
Electric form factors

Heavy baryons are electrically more compact than the proton!



J.Y. Kim and HChK, PRD D97, 114009 (2018).

Electromagnetic form factors
Electric form factors Lattice data: K. U. Can et al., JHEP 05 (2014) 125. 



J.Y. Kim and HChK, PRD D97, 114009 (2018).

Electromagnetic form factors

Magnetic form factors

The singly heavy baryons are less magnetized than the proton and the neutron.



LHCb Collaboration, PRL 118 (2017) 182001 

LHCb Findings: New five Omega_cs



Belle Confirmation: Four Omega_cs

Belle Collaboration, PRD 97 (2018) 051102 

Four     ’s were confirmed  
by Belle Coll. 
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Five Omega_cs
The Widths are rather small, even if we consider the fact that  
heavy baryons have smaller widths than light ones.

LHCb Collaboration, 2017

Belle Collaboration, PRD 97 (2018) 051102 



J = |T �K|, · · · |T +K|

HChK, M. V. Polyakov, M. Praszalowicz, PRD 96, 014009 (2017)

K = J + T 6= 0

Excited anti-triplets and sextets



HChK, M. V. Polyakov, M. Praszalowicz, PRD 96, 014009 (2017)

Excited anti-triplets and sextets

 Quantization of excited baryons yield two anti-triplet and  
FIVE sextets. 

Kp = 1�Grand spin:
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Y 0 =
2
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J = |T �K|, · · · |T +K|

T=0 for an anti-triplet: J=1 for it. Combining a charm quark with spin 1/2,  
we have two anti-triplets (1/2) and (3/2).
 T=1 for a sextet: J=0,1,2 for 6. We have five sextets with a charm quark 
(1/2), (1/2, 3/2), and (3/2, 5/2)!

K = J + T = 1
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Hyperfine splittings for excited anti-triplets
Candidates for excited anti-triplets
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Jp = 3/2�

0

mc
⇡ 30MeV



HChK, M. V. Polyakov, M. Praszalowicz, PRD 96, 014009 (2017)

Hyperfine splittings for excited sextets

�1 =
a1
I1

+
3

20
�

J = 0

J = 1

J = 2

1/2�

1/2�

3/2�

3/2�

5/2�

�1

�2

0

mc

50

3mc

�2 = 2�1

The mean-field approach (XQSM) predicts five excited sextet states. 
The splitting between J=1 and J=2 is twice as large as that  
between J=0 and J=1.(                   )�2 = 2�1

The robust relation  
in the present approach



Assertion: Five      ’s belong to excited sextets.

0

mc
= 30MeV

The HF splittings are very much deviated from what we  
have determined from the excited anti-triplet.

⌦⇤
c

�2 = 2�1

This relation is  
badly broken.

Scenario I

HChK, M. V. Polyakov, M. Praszalowicz, PRD 96, 014009 (2017)



Scenario II
Assertion: Three      ’s belong to excited sextets, whereas  
two      ’s with smaller widths are the members of the antidecapentaplet.

⌦⇤
c

⌦⇤
c

We assume that Omega(3050) and Omega(3119) belong to the third 
rotational excitation of the ground states: They will be then pentaquarks!

What about other two       s?⌦⇤
c

Bump structure  
above 3.2 GeV  
in the data

�2 = 2�1

This relation is  
satisfied.

0/mc ⇡ 30MeV



In the heavy-quark sector, we have yet the third representation,  
i.e. the anti-15plet.

Y 0 =
2

3

�2/3 1/3 4/31/3

�2/3 1/3 4/3

�5/3

3 156
⌦0

c
⌦0

c15

T = 1 ! J = 1 1⌦ 1

2
=

1

2
� 3

2

For the anti-15plet
Combined with a charm quark:

in excellent agreement with the ground-state value!

⌦c(3050)1/2
+ ⌦c(3119)3/2

+

In the limit of infinitely heavy quark mass,  1/2 & 3/2 are degenerate,  
which will be lifted by a hyperfine interaction. 



mc
= (68.1± 1.1)MeV

M⌦c(3/2+) �M⌦c(1/2+) ' 69MeV !:

2 15

Antidecapentaplet



M⌦c = (3140� 3370)MeV

Exotic antidecapentaplet naturally arises from the XQSM.

J = 1/2 J = 3/2


mc
= (68.1± 1.1)MeV

All parameters were fixed in the light baryon sector  
except for the hyperfine interaction.
Considering almost all theoretical  
uncertainties, we get the following: 

Antidecapentaplet



Interpretation of the LHC data

In the present picture

1

2

+ 3

2

+

2 15 ⌦c(3050) & ⌦c(3119)

1

2

� 1

2

�3

2

� 3

2

� 5

2

� 2 60



⌦c(3050) & ⌦c(3119)

⌅+
c K

�

Anti-15plet contains three Omega_c’s (Isovector baryons).
The same peaks with the same strength can be found not only  
in  the            channel but also in            and           .          ⌅+

c K
0 ⌅0

cK
�

How can one falsify the present idea?



Bc baryons will decay weakly, if they exist.  
So, they should be stable.

 D. Diakonov, arXiv:1003.2157 [hep-ph].

Members of the antidecapentaplet



HChK, Polyakov, Praszalowicz, Yang, PRD, D96, 094021 (2017).

Decays of the        ⌦⇤
c

Decay widths of the charm baryon antidecapentaplet

No additional free parameter!

Experimental data are taken from the LHCb measurement.

Note that the widths of      ’s are rather small!⌦c
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HChK, Polyakov, Praszalowicz, Yang, PRD, D96, 094021 (2017).

Decays of the        ⌦⇤
c

Decay widths of the charm baryon antidecapentaplet

No additional free parameter!

Experimental data are taken from the LHCb measurement.

Note that the widths of     ’s are rather small!⌦c
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PERSPECTIVES
Beyond Mean-field approximations

Inclusion of  meson loops (RPA-like) : Excited baryons < 2 GeV 

Modeling the effects of  the quark confinement (Broken strings) 

Heavy-quark contributions 

Tcc (Keep in mind that we have the bosonic soliton) 

General mesonic mean fields(vector, axial-vector, tensors) 

Application of  the XQSM in magnetic fields and medium

Present & Future works of Hadron Theory Group  
at Inha University



どうもありがとうございました。

以上で、今日のセミナーを終わります。

Hamlet Act 2, Scene 2 

by Shakespeare

Though this be madness,  
yet there is method in it.


