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Parton distribution functions (PDFs)
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Universality


 PDFs do not distinguish different types of reactions


 eg. Deep inelastic scattering (ep), Drell-Yan process (pp)


 Fitting model PDFs using various reactions (Global analysis)


 Justification of factorization is essential but mostly assumed

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution (1970’)


  Perturbative evolution of PDFs


                                Splitting functions Pij: probability of perturbative emission of i from j

dqi(x, μ2)
∂μ2

= Pqq ⊗ qi + Pqg ⊗ g

How partons (quarks and gluons) are distributed inside a hadron


Probability density (properly defined on the light-cone)



Hyeon-Dong Son | APCTP Focus Program in Nuclear Physics 2022

Parton distribution functions (PDFs)
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R. D. Ball et al. (NNPDF), JHEP 04, 040 (2015)
 E. R. Nocera et al. (NNPDF), Nucl. Phys. B887, 276 (2014)

Proton, global analyses, plots from PDG 2019
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Theoretical understanding of PDFs

Lattice QCD


- Large Momentum Effective Theory (LaMET): quasi-PDFs


q(x, µ, P z) =

Z
dz
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x 2 (�1,+1)

µ: renormalization scale

Pz: nucleon momentum

[Ji, Phys. Rev. Lett. 110, 262002 (2013)]

Non-perturbative object


- Direct computation (x-dependence) from QCD is not possible

From K. Cichy’s slide @ Spin 2021
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Theoretical understanding of PDFs

Effective models (at low renormalization scale)


- provide initial conditions of the QCD evolution


- To understand the detailed mechanism in terms of the effective degrees of freedom


- Positivity, sum-rules, predictions…


Chiral quark-soliton model


- quark and antiquark distribution at low renormalization scale, µ~600 MeV


- Positivity, sum-rules


- Predictions: longitudinally polarized antiquark flavor asymmetry Δu − Δd > 0

[D. Diakonov, V. Y. Petrov, P. V. Pobylitsa, M. Polyakov, and C. Weiss, Nuclear Physics B 480, 341 (1996)]

Non-perturbative object


- Direct computation (x-dependence) from QCD is not possible
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[D. Diakonov, V. Y. Petrov, P. V. Pobylitsa, M. Polyakov, and C. Weiss, PRD 56 (1997)]

_ _ _ 
Large and positive polarized sea quark asymmetry Δū − Δd̄

u(x) + d(x) Δu(x) − Δd(x)
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Quarks inside a heavy baryon?

New experimental data on spectroscopy & decays 


Difficult to be measure structures:  form factors, PDFs…


Heavy scale: MQ Heavy quark flavor/spin symmetry


Lattice / effective model studies are possible


PDFs: redistribution of momentum between heavy/light quarks


Can we obtain a quantitative picture?
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A model for heavy baryon 

Heavy quark symmetry → Light quark degrees of freedom does not distinguish heavy flavor/spin 


Light quarks → chiral quark-soliton model

Heavy quark → static color source

Interaction is suppressed by ~ ,
1

MQ

1
Nc

MQ/ΛQCD → ∞

Nc → ∞

Structure of a heavy baryon is governed by the light quarks

Final numerical step: finite MQ, Nc

Derive model PDFs and study their properties
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Heavy baryon in the chiral quark-soliton model
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Heavy quark symmetry →


Nc-1 chiral quark-soliton in the large Nc  

                                   + Heavy quark in the heavy quark limit


Recent studies on 
  → baryon mass spectrum 

  → EM ffs: good agreements with lattice calculations, Axial transition properties


  → Gravitational form factors 


Light quark distribution functions in a heavy baryon  


  Momentum distribution of the light quarks in a heavy baryon vs. nucleon?


  Heavy quark PDF studies in heavy baryon/meson (heavyquark-diquark)


  DIS not possible / Related to the fragmentation functions by crossing of


     the DIS and e+e- (Drell-Levi-Yan)

[J.Y-. Kim, H.-Ch. Kim, M. Polyakov, HDS, PRD 2021] 

[J.Y-. Kim H.-Ch. Kim, G.-S. Yang, PRD 2018] 

[J.Y-. Kim H.-Ch. Kim, PRD 2018/EPJC 2019,2020] 

[Drell, Levy, Yan, PR 1969, PRD 1970] 

[Guo, Thomas, Williams, PRD64 (2001)] 
[J. Lan et al. PRD102 (2020)] 

[J.-M. Suh and H.-Ch. Kim, arXiv:2204.13982] 
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Outline
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Light quarks: chiral quark-soliton model


Light quark and antiquark isoscalar unpolarized and  
                                   isovector longitudinally polarized quark distributions 

•     Derivation of quark distribution functions in the χQSM


•      Numerical results


•      Sum rules


•      Inequalities


Polarized antiquark asymmetry in Proton and heavy baryon




Nucleon and heavy baryon in the 

Chiral quark-soliton model



Hyeon-Dong Son | APCTP Focus Program in Nuclear Physics 202211

Effective partition function from the instanton vacuum

Z =

Z
D⇡ad †d exp

Z
d4x †(x)(i/@ + iMU�5) (x)

<latexit sha1_base64="xCW7xeVUtu8UTGms7toZHnfFJ3M="></latexit>
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1 + �5

2
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U(x) = exp
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⇡a(x)⌧a

�
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From QCD to the low energy effective theory via the instantons


Instanton parameters: average size  & distance  (no more parameters, ΛQCD)


Intrinsic renormalisation scale 


Spontaneous chiral symmetry breaking & dynamically generated quark mass  


Fully field theoretic: successfully describes various baryon properties


Baryon: chiral soliton in the large Nc, quarks are bound by a self-consistent mean-field


Interplays the quark-model and (topological) soliton picture of the baryons


Systematic large Nc counting (eg. MN ~Nc, MN-Δ ~1/Nc, D(t)~Nc2,…)

ρ̄ ∼ 1/3 fm R̄ ∼ 1 fm

Λ ∼ 1/ρ̄ ≈ 600 MeV

M = 350 MeV

[D. Diakonov, V. Petrov, and P. Pobylitsa, Nucl. Phys. B 306, 809 (1988)]

[E. Witten, Nucl. Phys. B 160, 57 (1979)]



Hyeon-Dong Son | APCTP Focus Program in Nuclear Physics 202212

Nucleon as a chiral soliton in the large Nc limit

Quarks are bound by a common 


pion mean-field, self-consistently 


generated by their interactions


Hedgehog Ansatz  


 


Dirac spectra (n): Grandspin K= J + T and Parity P


Classical soliton energy


Nucleon quantum numbers: quantization around the rotational zero-modes


H�n(~x) = En�n(~x)
<latexit sha1_base64="4HEdXUGWr46fw8jT/sw7JwrX7Zw="></latexit>
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<latexit sha1_base64="ef9KMoi0UDds9U3GHaRt9miFicw="></latexit>

Elevel

−M

M

E(0)
n En

U = exp[i�5n̂
a⌧aP (r)]
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Msol = NcElevel(Uc) + Econt.(Uc)
Uc: pion mean-field at the saddle point
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Heavy baryon: Nc-1 quark-soliton & free heavy quark

Elevel

−M

M

E(0)
n En

Nc-1 level quarks!

→ mean-field is affected

+ heavy quark as a color source

δ
δU [(Nc − 1)Elevel + Econt.]

U=Uc

= 0

Msol = (Nc − 1)Elevel(Uc) + Econt.(Uc)

Mh = MQ + Msol

Heavy quark mass  GeV as parameters to demonstrate Σc and Σb 

M=420 MeV: strong quark-pion coupling is needed because of Nc-1 (vs. 350 MeV in instanton picture) 

Recent studies for the heavy baryons  

  →ground-state mass spectrum 


  →EM ffs: good agreements with lattice calculations, Axial & Tensor


  →Energy-momentum tensor form factors 


:Nc-1 level quarks produce a self-consistent mean-field 

~ key ingredient for the stability 

MQ = (1.3, 4.2)

[J.Y-. Kim, H.-Ch. Kim, M. Polyakov, HDS, PRD 2021] 



Light quark distributions 

in a heavy baryon
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Light quark and antiquark distribution functions in Σc and Σb

Large Nc scaling of the unpolarized 


and longitudinally polarized quark distributions

u(x) + d(x)
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<latexit sha1_base64="BwMo39zz+4NcuxRTxQfRjsaUpFc=">AAACAHicbZBPS8MwGMZT/875r+pF8BIcwryMVgQVL0MvnmSCdYO1lDRLt7CkKUkqjjIvfhUvHlS8+jG8+W3Mth5084WEH8/zviTvE6WMKu0439bc/MLi0nJppby6tr6xaW9t3ymRSUw8LJiQrQgpwmhCPE01I61UEsQjRppR/3LkN++JVFQkt3qQkoCjbkJjipE2Umjv+opy6J9fh9jcvuyJ6ggfDkO74tScccFZcAuogKIaof3ldwTOOEk0ZkiptuukOsiR1BQzMiz7mSIpwn3UJW2DCeJEBfl4gyE8MEoHxkKak2g4Vn9P5IgrNeCR6eRI99S0NxL/89qZjk+DnCZppkmCJw/FGYNawFEcsEMlwZoNDCAsqfkrxD0kEdYmtLIJwZ1eeRa8o9pZzb05rtQvijRKYA/sgypwwQmogyvQAB7A4BE8g1fwZj1ZL9a79TFpnbOKmR3wp6zPH3/7lTA=</latexit><latexit sha1_base64="BwMo39zz+4NcuxRTxQfRjsaUpFc=">AAACAHicbZBPS8MwGMZT/875r+pF8BIcwryMVgQVL0MvnmSCdYO1lDRLt7CkKUkqjjIvfhUvHlS8+jG8+W3Mth5084WEH8/zviTvE6WMKu0439bc/MLi0nJppby6tr6xaW9t3ymRSUw8LJiQrQgpwmhCPE01I61UEsQjRppR/3LkN++JVFQkt3qQkoCjbkJjipE2Umjv+opy6J9fh9jcvuyJ6ggfDkO74tScccFZcAuogKIaof3ldwTOOEk0ZkiptuukOsiR1BQzMiz7mSIpwn3UJW2DCeJEBfl4gyE8MEoHxkKak2g4Vn9P5IgrNeCR6eRI99S0NxL/89qZjk+DnCZppkmCJw/FGYNawFEcsEMlwZoNDCAsqfkrxD0kEdYmtLIJwZ1eeRa8o9pZzb05rtQvijRKYA/sgypwwQmogyvQAB7A4BE8g1fwZj1ZL9a79TFpnbOKmR3wp6zPH3/7lTA=</latexit><latexit sha1_base64="BwMo39zz+4NcuxRTxQfRjsaUpFc=">AAACAHicbZBPS8MwGMZT/875r+pF8BIcwryMVgQVL0MvnmSCdYO1lDRLt7CkKUkqjjIvfhUvHlS8+jG8+W3Mth5084WEH8/zviTvE6WMKu0439bc/MLi0nJppby6tr6xaW9t3ymRSUw8LJiQrQgpwmhCPE01I61UEsQjRppR/3LkN++JVFQkt3qQkoCjbkJjipE2Umjv+opy6J9fh9jcvuyJ6ggfDkO74tScccFZcAuogKIaof3ldwTOOEk0ZkiptuukOsiR1BQzMiz7mSIpwn3UJW2DCeJEBfl4gyE8MEoHxkKak2g4Vn9P5IgrNeCR6eRI99S0NxL/89qZjk+DnCZppkmCJw/FGYNawFEcsEMlwZoNDCAsqfkrxD0kEdYmtLIJwZ1eeRa8o9pZzb05rtQvijRKYA/sgypwwQmogyvQAB7A4BE8g1fwZj1ZL9a79TFpnbOKmR3wp6zPH3/7lTA=</latexit><latexit sha1_base64="BwMo39zz+4NcuxRTxQfRjsaUpFc=">AAACAHicbZBPS8MwGMZT/875r+pF8BIcwryMVgQVL0MvnmSCdYO1lDRLt7CkKUkqjjIvfhUvHlS8+jG8+W3Mth5084WEH8/zviTvE6WMKu0439bc/MLi0nJppby6tr6xaW9t3ymRSUw8LJiQrQgpwmhCPE01I61UEsQjRppR/3LkN++JVFQkt3qQkoCjbkJjipE2Umjv+opy6J9fh9jcvuyJ6ggfDkO74tScccFZcAuogKIaof3ldwTOOEk0ZkiptuukOsiR1BQzMiz7mSIpwn3UJW2DCeJEBfl4gyE8MEoHxkKak2g4Vn9P5IgrNeCR6eRI99S0NxL/89qZjk+DnCZppkmCJw/FGYNawFEcsEMlwZoNDCAsqfkrxD0kEdYmtLIJwZ1eeRa8o9pZzb05rtQvijRKYA/sgypwwQmogyvQAB7A4BE8g1fwZj1ZL9a79TFpnbOKmR3wp6zPH3/7lTA=</latexit>

u(x)� d(x)
<latexit sha1_base64="F1Ztdx4pIJFuphATB8YednVrSyY=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBHqwjIjgrorunFZwbGF6VAymUwbmkmGJCOWoZ/hxoWKW//GnX9j+lho64GQwzn3cu89UcaZNq777Swtr6yurZc2yptb2zu7lb39By1zRahPJJeqHWFNORPUN8xw2s4UxWnEaSsa3Iz91iNVmklxb4YZDVPcEyxhBBsrBXnt6QSdoth+3UrVrbsToEXizUgVZmh2K1+dWJI8pcIQjrUOPDczYYGVYYTTUbmTa5phMsA9GlgqcEp1WExWHqFjq8Qokco+YdBE/d1R4FTrYRrZyhSbvp73xuJ/XpCb5DIsmMhyQwWZDkpyjoxE4/tRzBQlhg8twUQxuysifawwMTalsg3Bmz95kfhn9au6d3debVzP0ijBIRxBDTy4gAbcQhN8ICDhGV7hzTHOi/PufExLl5xZzwH8gfP5A2wwj5Q=</latexit><latexit sha1_base64="F1Ztdx4pIJFuphATB8YednVrSyY=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBHqwjIjgrorunFZwbGF6VAymUwbmkmGJCOWoZ/hxoWKW//GnX9j+lho64GQwzn3cu89UcaZNq777Swtr6yurZc2yptb2zu7lb39By1zRahPJJeqHWFNORPUN8xw2s4UxWnEaSsa3Iz91iNVmklxb4YZDVPcEyxhBBsrBXnt6QSdoth+3UrVrbsToEXizUgVZmh2K1+dWJI8pcIQjrUOPDczYYGVYYTTUbmTa5phMsA9GlgqcEp1WExWHqFjq8Qokco+YdBE/d1R4FTrYRrZyhSbvp73xuJ/XpCb5DIsmMhyQwWZDkpyjoxE4/tRzBQlhg8twUQxuysifawwMTalsg3Bmz95kfhn9au6d3debVzP0ijBIRxBDTy4gAbcQhN8ICDhGV7hzTHOi/PufExLl5xZzwH8gfP5A2wwj5Q=</latexit><latexit sha1_base64="F1Ztdx4pIJFuphATB8YednVrSyY=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBHqwjIjgrorunFZwbGF6VAymUwbmkmGJCOWoZ/hxoWKW//GnX9j+lho64GQwzn3cu89UcaZNq777Swtr6yurZc2yptb2zu7lb39By1zRahPJJeqHWFNORPUN8xw2s4UxWnEaSsa3Iz91iNVmklxb4YZDVPcEyxhBBsrBXnt6QSdoth+3UrVrbsToEXizUgVZmh2K1+dWJI8pcIQjrUOPDczYYGVYYTTUbmTa5phMsA9GlgqcEp1WExWHqFjq8Qokco+YdBE/d1R4FTrYRrZyhSbvp73xuJ/XpCb5DIsmMhyQwWZDkpyjoxE4/tRzBQlhg8twUQxuysifawwMTalsg3Bmz95kfhn9au6d3debVzP0ijBIRxBDTy4gAbcQhN8ICDhGV7hzTHOi/PufExLl5xZzwH8gfP5A2wwj5Q=</latexit><latexit sha1_base64="F1Ztdx4pIJFuphATB8YednVrSyY=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBHqwjIjgrorunFZwbGF6VAymUwbmkmGJCOWoZ/hxoWKW//GnX9j+lho64GQwzn3cu89UcaZNq777Swtr6yurZc2yptb2zu7lb39By1zRahPJJeqHWFNORPUN8xw2s4UxWnEaSsa3Iz91iNVmklxb4YZDVPcEyxhBBsrBXnt6QSdoth+3UrVrbsToEXizUgVZmh2K1+dWJI8pcIQjrUOPDczYYGVYYTTUbmTa5phMsA9GlgqcEp1WExWHqFjq8Qokco+YdBE/d1R4FTrYRrZyhSbvp73xuJ/XpCb5DIsmMhyQwWZDkpyjoxE4/tRzBQlhg8twUQxuysifawwMTalsg3Bmz95kfhn9au6d3debVzP0ijBIRxBDTy4gAbcQhN8ICDhGV7hzTHOi/PufExLl5xZzwH8gfP5A2wwj5Q=</latexit>

�u(x) +�d(x)
<latexit sha1_base64="pZV0m2v+45ljgGzP+g/YYkeQq0I=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRKkJJRFBvRT14rGBsoQ1ls5m2SzebsLsRSyhe/CtePKh49V9489+4bXPQ6oOFN+/NMDsvSDhT2nG+rMLc/MLiUnG5tLK6tr5hb27dqjiVFDwa81g2A6KAMwGeZppDM5FAooBDIxhcjP3GHUjFYnGjhwn4EekJ1mWUaCN17J32JXBNcFq5P8CHOK9CU3XsslN1JsB/iZuTMspR79if7TCmaQRCU06UarlOov2MSM0oh1GpnSpICB2QHrQMFSQC5WeTE0Z43ygh7sbSPKHxRP05kZFIqWEUmM6I6L6a9cbif14r1d1TP2MiSTUIOl3UTTnWMR7ngUMmgWo+NIRQycxfMe0TSag2qZVMCO7syX+Jd1Q9q7rXx+XaeZ5GEe2iPVRBLjpBNXSF6shDFD2gJ/SCXq1H69l6s96nrQUrn9lGv2B9fAN4u5Ub</latexit><latexit sha1_base64="pZV0m2v+45ljgGzP+g/YYkeQq0I=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRKkJJRFBvRT14rGBsoQ1ls5m2SzebsLsRSyhe/CtePKh49V9489+4bXPQ6oOFN+/NMDsvSDhT2nG+rMLc/MLiUnG5tLK6tr5hb27dqjiVFDwa81g2A6KAMwGeZppDM5FAooBDIxhcjP3GHUjFYnGjhwn4EekJ1mWUaCN17J32JXBNcFq5P8CHOK9CU3XsslN1JsB/iZuTMspR79if7TCmaQRCU06UarlOov2MSM0oh1GpnSpICB2QHrQMFSQC5WeTE0Z43ygh7sbSPKHxRP05kZFIqWEUmM6I6L6a9cbif14r1d1TP2MiSTUIOl3UTTnWMR7ngUMmgWo+NIRQycxfMe0TSag2qZVMCO7syX+Jd1Q9q7rXx+XaeZ5GEe2iPVRBLjpBNXSF6shDFD2gJ/SCXq1H69l6s96nrQUrn9lGv2B9fAN4u5Ub</latexit><latexit sha1_base64="pZV0m2v+45ljgGzP+g/YYkeQq0I=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRKkJJRFBvRT14rGBsoQ1ls5m2SzebsLsRSyhe/CtePKh49V9489+4bXPQ6oOFN+/NMDsvSDhT2nG+rMLc/MLiUnG5tLK6tr5hb27dqjiVFDwa81g2A6KAMwGeZppDM5FAooBDIxhcjP3GHUjFYnGjhwn4EekJ1mWUaCN17J32JXBNcFq5P8CHOK9CU3XsslN1JsB/iZuTMspR79if7TCmaQRCU06UarlOov2MSM0oh1GpnSpICB2QHrQMFSQC5WeTE0Z43ygh7sbSPKHxRP05kZFIqWEUmM6I6L6a9cbif14r1d1TP2MiSTUIOl3UTTnWMR7ngUMmgWo+NIRQycxfMe0TSag2qZVMCO7syX+Jd1Q9q7rXx+XaeZ5GEe2iPVRBLjpBNXSF6shDFD2gJ/SCXq1H69l6s96nrQUrn9lGv2B9fAN4u5Ub</latexit><latexit sha1_base64="pZV0m2v+45ljgGzP+g/YYkeQq0I=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRKkJJRFBvRT14rGBsoQ1ls5m2SzebsLsRSyhe/CtePKh49V9489+4bXPQ6oOFN+/NMDsvSDhT2nG+rMLc/MLiUnG5tLK6tr5hb27dqjiVFDwa81g2A6KAMwGeZppDM5FAooBDIxhcjP3GHUjFYnGjhwn4EekJ1mWUaCN17J32JXBNcFq5P8CHOK9CU3XsslN1JsB/iZuTMspR79if7TCmaQRCU06UarlOov2MSM0oh1GpnSpICB2QHrQMFSQC5WeTE0Z43ygh7sbSPKHxRP05kZFIqWEUmM6I6L6a9cbif14r1d1TP2MiSTUIOl3UTTnWMR7ngUMmgWo+NIRQycxfMe0TSag2qZVMCO7syX+Jd1Q9q7rXx+XaeZ5GEe2iPVRBLjpBNXSF6shDFD2gJ/SCXq1H69l6s96nrQUrn9lGv2B9fAN4u5Ub</latexit>

VS

∫
dz−

4π
exp[iz−P+x] ⟨P | ψ̄(0)γ+ψ(z) |P⟩ = u(x) + d(x)

Unpolarized quark distributions 

Probability to find a quark with momentum fraction x ~ dx 

Baryon number and momentum sum rules


→ Momentum sum-rule: Mass form factor (EMT)


→ Hadron mass decomposition

∫
dz−

4π
exp[iz−P+x] ⟨P | ψ̄(0)γ+τ3ψ(z) |P⟩ = u(x) − d(x)

[X. Ji, PRL (1995)]
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Light quark and antiquark distribution functions in Σc and Σb

Longitudinally polarized quark distribution


Probability to find a quark with longitudinal spin parallel to hadron spin


Spin sum-rule and axial charge


→ Hadron spin decomposition


1/2 =
1
2 ∫

1

0
dx ΔΣ(x, Q2) + ∫

1

0
dx Δg(x, Q2) + ∑

q

Lq + Lg

[Jaffee, Manohar, NPB 337 (1990)]

∫
dz−

4π
exp[iz−P+x] ⟨P | ψ̄(0)γ+γ5τ3ψ(z) |P⟩ = Δu(x) − Δd(x)

∫
dz−

4π
exp[iz−P+x] ⟨P | ψ̄(0)γ+γ5ψ(z) |P⟩ = Δu(x) + Δd(x)

Large Nc scaling of the unpolarized 


and longitudinally polarized quark distributions

u(x) + d(x)
<latexit sha1_base64="Log09GlLKj4w89/w+B9wq1ML8J4=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBEqQpkRQd0V3bis4NjCdCiZTKYNzSRDkhHL0M9w40LFrX/jzr8xfSy09UDI4Zx7ufeeKONMG9f9dpaWV1bX1ksb5c2t7Z3dyt7+g5a5ItQnkkvVjrCmnAnqG2Y4bWeK4jTitBUNbsZ+65EqzaS4N8OMhinuCZYwgo2Vgrz2dIJOUWy/bqXq1t0J0CLxZqQKMzS7la9OLEmeUmEIx1oHnpuZsMDKMMLpqNzJNc0wGeAeDSwVOKU6LCYrj9CxVWKUSGWfMGii/u4ocKr1MI1sZYpNX897Y/E/L8hNchkWTGS5oYJMByU5R0ai8f0oZooSw4eWYKKY3RWRPlaYGJtS2YbgzZ+8SPyz+lXduzuvNq5naZTgEI6gBh5cQANuoQk+EJDwDK/w5hjnxXl3PqalS86s5wD+wPn8AWkgj5I=</latexit><latexit sha1_base64="Log09GlLKj4w89/w+B9wq1ML8J4=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBEqQpkRQd0V3bis4NjCdCiZTKYNzSRDkhHL0M9w40LFrX/jzr8xfSy09UDI4Zx7ufeeKONMG9f9dpaWV1bX1ksb5c2t7Z3dyt7+g5a5ItQnkkvVjrCmnAnqG2Y4bWeK4jTitBUNbsZ+65EqzaS4N8OMhinuCZYwgo2Vgrz2dIJOUWy/bqXq1t0J0CLxZqQKMzS7la9OLEmeUmEIx1oHnpuZsMDKMMLpqNzJNc0wGeAeDSwVOKU6LCYrj9CxVWKUSGWfMGii/u4ocKr1MI1sZYpNX897Y/E/L8hNchkWTGS5oYJMByU5R0ai8f0oZooSw4eWYKKY3RWRPlaYGJtS2YbgzZ+8SPyz+lXduzuvNq5naZTgEI6gBh5cQANuoQk+EJDwDK/w5hjnxXl3PqalS86s5wD+wPn8AWkgj5I=</latexit><latexit sha1_base64="Log09GlLKj4w89/w+B9wq1ML8J4=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBEqQpkRQd0V3bis4NjCdCiZTKYNzSRDkhHL0M9w40LFrX/jzr8xfSy09UDI4Zx7ufeeKONMG9f9dpaWV1bX1ksb5c2t7Z3dyt7+g5a5ItQnkkvVjrCmnAnqG2Y4bWeK4jTitBUNbsZ+65EqzaS4N8OMhinuCZYwgo2Vgrz2dIJOUWy/bqXq1t0J0CLxZqQKMzS7la9OLEmeUmEIx1oHnpuZsMDKMMLpqNzJNc0wGeAeDSwVOKU6LCYrj9CxVWKUSGWfMGii/u4ocKr1MI1sZYpNX897Y/E/L8hNchkWTGS5oYJMByU5R0ai8f0oZooSw4eWYKKY3RWRPlaYGJtS2YbgzZ+8SPyz+lXduzuvNq5naZTgEI6gBh5cQANuoQk+EJDwDK/w5hjnxXl3PqalS86s5wD+wPn8AWkgj5I=</latexit><latexit sha1_base64="Log09GlLKj4w89/w+B9wq1ML8J4=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBEqQpkRQd0V3bis4NjCdCiZTKYNzSRDkhHL0M9w40LFrX/jzr8xfSy09UDI4Zx7ufeeKONMG9f9dpaWV1bX1ksb5c2t7Z3dyt7+g5a5ItQnkkvVjrCmnAnqG2Y4bWeK4jTitBUNbsZ+65EqzaS4N8OMhinuCZYwgo2Vgrz2dIJOUWy/bqXq1t0J0CLxZqQKMzS7la9OLEmeUmEIx1oHnpuZsMDKMMLpqNzJNc0wGeAeDSwVOKU6LCYrj9CxVWKUSGWfMGii/u4ocKr1MI1sZYpNX897Y/E/L8hNchkWTGS5oYJMByU5R0ai8f0oZooSw4eWYKKY3RWRPlaYGJtS2YbgzZ+8SPyz+lXduzuvNq5naZTgEI6gBh5cQANuoQk+EJDwDK/w5hjnxXl3PqalS86s5wD+wPn8AWkgj5I=</latexit>

�u(x)��d(x)
<latexit sha1_base64="FTzmz+4jnHwqcHwlBr3uHU3oSmE=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IR6sGSiKDeinrwWMHYQhvKZjNtl242YXcjllC8+Fe8eFDx6r/w5r9x2+ag1QcLb96bYXZekHCmtON8WYW5+YXFpeJyaWV1bX3D3ty6VXEqKXg05rFsBkQBZwI8zTSHZiKBRAGHRjC4GPuNO5CKxeJGDxPwI9ITrMso0Ubq2DvtS+Ca4LRyf4APcV6FpurYZafqTID/EjcnZZSj3rE/22FM0wiEppwo1XKdRPsZkZpRDqNSO1WQEDogPWgZKkgEys8mJ4zwvlFC3I2leULjifpzIiORUsMoMJ0R0X01643F/7xWqrunfsZEkmoQdLqom3KsYzzOA4dMAtV8aAihkpm/YtonklBtUiuZENzZk/8S76h6VnWvj8u18zyNItpFe6iCXHSCaugK1ZGHKHpAT+gFvVqP1rP1Zr1PWwtWPrONfsH6+AZ72ZUd</latexit><latexit sha1_base64="FTzmz+4jnHwqcHwlBr3uHU3oSmE=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IR6sGSiKDeinrwWMHYQhvKZjNtl242YXcjllC8+Fe8eFDx6r/w5r9x2+ag1QcLb96bYXZekHCmtON8WYW5+YXFpeJyaWV1bX3D3ty6VXEqKXg05rFsBkQBZwI8zTSHZiKBRAGHRjC4GPuNO5CKxeJGDxPwI9ITrMso0Ubq2DvtS+Ca4LRyf4APcV6FpurYZafqTID/EjcnZZSj3rE/22FM0wiEppwo1XKdRPsZkZpRDqNSO1WQEDogPWgZKkgEys8mJ4zwvlFC3I2leULjifpzIiORUsMoMJ0R0X01643F/7xWqrunfsZEkmoQdLqom3KsYzzOA4dMAtV8aAihkpm/YtonklBtUiuZENzZk/8S76h6VnWvj8u18zyNItpFe6iCXHSCaugK1ZGHKHpAT+gFvVqP1rP1Zr1PWwtWPrONfsH6+AZ72ZUd</latexit><latexit sha1_base64="FTzmz+4jnHwqcHwlBr3uHU3oSmE=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IR6sGSiKDeinrwWMHYQhvKZjNtl242YXcjllC8+Fe8eFDx6r/w5r9x2+ag1QcLb96bYXZekHCmtON8WYW5+YXFpeJyaWV1bX3D3ty6VXEqKXg05rFsBkQBZwI8zTSHZiKBRAGHRjC4GPuNO5CKxeJGDxPwI9ITrMso0Ubq2DvtS+Ca4LRyf4APcV6FpurYZafqTID/EjcnZZSj3rE/22FM0wiEppwo1XKdRPsZkZpRDqNSO1WQEDogPWgZKkgEys8mJ4zwvlFC3I2leULjifpzIiORUsMoMJ0R0X01643F/7xWqrunfsZEkmoQdLqom3KsYzzOA4dMAtV8aAihkpm/YtonklBtUiuZENzZk/8S76h6VnWvj8u18zyNItpFe6iCXHSCaugK1ZGHKHpAT+gFvVqP1rP1Zr1PWwtWPrONfsH6+AZ72ZUd</latexit><latexit sha1_base64="FTzmz+4jnHwqcHwlBr3uHU3oSmE=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IR6sGSiKDeinrwWMHYQhvKZjNtl242YXcjllC8+Fe8eFDx6r/w5r9x2+ag1QcLb96bYXZekHCmtON8WYW5+YXFpeJyaWV1bX3D3ty6VXEqKXg05rFsBkQBZwI8zTSHZiKBRAGHRjC4GPuNO5CKxeJGDxPwI9ITrMso0Ubq2DvtS+Ca4LRyf4APcV6FpurYZafqTID/EjcnZZSj3rE/22FM0wiEppwo1XKdRPsZkZpRDqNSO1WQEDogPWgZKkgEys8mJ4zwvlFC3I2leULjifpzIiORUsMoMJ0R0X01643F/7xWqrunfsZEkmoQdLqom3KsYzzOA4dMAtV8aAihkpm/YtonklBtUiuZENzZk/8S76h6VnWvj8u18zyNItpFe6iCXHSCaugK1ZGHKHpAT+gFvVqP1rP1Zr1PWwtWPrONfsH6+AZ72ZUd</latexit>

⇠ N2
c ⇢(Ncx)
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u(x)� d(x)
<latexit sha1_base64="F1Ztdx4pIJFuphATB8YednVrSyY=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBHqwjIjgrorunFZwbGF6VAymUwbmkmGJCOWoZ/hxoWKW//GnX9j+lho64GQwzn3cu89UcaZNq777Swtr6yurZc2yptb2zu7lb39By1zRahPJJeqHWFNORPUN8xw2s4UxWnEaSsa3Iz91iNVmklxb4YZDVPcEyxhBBsrBXnt6QSdoth+3UrVrbsToEXizUgVZmh2K1+dWJI8pcIQjrUOPDczYYGVYYTTUbmTa5phMsA9GlgqcEp1WExWHqFjq8Qokco+YdBE/d1R4FTrYRrZyhSbvp73xuJ/XpCb5DIsmMhyQwWZDkpyjoxE4/tRzBQlhg8twUQxuysifawwMTalsg3Bmz95kfhn9au6d3debVzP0ijBIRxBDTy4gAbcQhN8ICDhGV7hzTHOi/PufExLl5xZzwH8gfP5A2wwj5Q=</latexit><latexit sha1_base64="F1Ztdx4pIJFuphATB8YednVrSyY=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBHqwjIjgrorunFZwbGF6VAymUwbmkmGJCOWoZ/hxoWKW//GnX9j+lho64GQwzn3cu89UcaZNq777Swtr6yurZc2yptb2zu7lb39By1zRahPJJeqHWFNORPUN8xw2s4UxWnEaSsa3Iz91iNVmklxb4YZDVPcEyxhBBsrBXnt6QSdoth+3UrVrbsToEXizUgVZmh2K1+dWJI8pcIQjrUOPDczYYGVYYTTUbmTa5phMsA9GlgqcEp1WExWHqFjq8Qokco+YdBE/d1R4FTrYRrZyhSbvp73xuJ/XpCb5DIsmMhyQwWZDkpyjoxE4/tRzBQlhg8twUQxuysifawwMTalsg3Bmz95kfhn9au6d3debVzP0ijBIRxBDTy4gAbcQhN8ICDhGV7hzTHOi/PufExLl5xZzwH8gfP5A2wwj5Q=</latexit><latexit sha1_base64="F1Ztdx4pIJFuphATB8YednVrSyY=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBHqwjIjgrorunFZwbGF6VAymUwbmkmGJCOWoZ/hxoWKW//GnX9j+lho64GQwzn3cu89UcaZNq777Swtr6yurZc2yptb2zu7lb39By1zRahPJJeqHWFNORPUN8xw2s4UxWnEaSsa3Iz91iNVmklxb4YZDVPcEyxhBBsrBXnt6QSdoth+3UrVrbsToEXizUgVZmh2K1+dWJI8pcIQjrUOPDczYYGVYYTTUbmTa5phMsA9GlgqcEp1WExWHqFjq8Qokco+YdBE/d1R4FTrYRrZyhSbvp73xuJ/XpCb5DIsmMhyQwWZDkpyjoxE4/tRzBQlhg8twUQxuysifawwMTalsg3Bmz95kfhn9au6d3debVzP0ijBIRxBDTy4gAbcQhN8ICDhGV7hzTHOi/PufExLl5xZzwH8gfP5A2wwj5Q=</latexit><latexit sha1_base64="F1Ztdx4pIJFuphATB8YednVrSyY=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBHqwjIjgrorunFZwbGF6VAymUwbmkmGJCOWoZ/hxoWKW//GnX9j+lho64GQwzn3cu89UcaZNq777Swtr6yurZc2yptb2zu7lb39By1zRahPJJeqHWFNORPUN8xw2s4UxWnEaSsa3Iz91iNVmklxb4YZDVPcEyxhBBsrBXnt6QSdoth+3UrVrbsToEXizUgVZmh2K1+dWJI8pcIQjrUOPDczYYGVYYTTUbmTa5phMsA9GlgqcEp1WExWHqFjq8Qokco+YdBE/d1R4FTrYRrZyhSbvp73xuJ/XpCb5DIsmMhyQwWZDkpyjoxE4/tRzBQlhg8twUQxuysifawwMTalsg3Bmz95kfhn9au6d3debVzP0ijBIRxBDTy4gAbcQhN8ICDhGV7hzTHOi/PufExLl5xZzwH8gfP5A2wwj5Q=</latexit>
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VS
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Light quark and antiquark distribution functions in Σc and Σb

Quark and antiquark quasi number densities              x ∈ (−∞, ∞)

become exact number densities in the limit , approaching the light-cone, v → 1 x ∈ [0,1]

<latexit sha1_base64="9VQSZQZ6QNyiNBUqxr71qXhTvIQ="></latexit>
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Quark bi-local operators in (equal-time) Euclidean separation
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Light quark and antiquark distribution functions in Σc and Σb

Isoscalar unpolarized distributions

Isovector polarized distributions

H�n(~x) = En�n(~x)
<latexit sha1_base64="4HEdXUGWr46fw8jT/sw7JwrX7Zw="></latexit>

<latexit sha1_base64="mD+r4Nr2lrT8FWhkprSINzeUFuc="></latexit>
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<latexit sha1_base64="xUvGXOkLaicq/YjcGRKSM7QlQIk="></latexit>
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Sum-rules: heavy baryon PDFs

Baryon number

Momentum

Spin

Heavy quark

1B

MQ/Mh

∫
1

−1
dx u(x) + d(x) = (Nc − 1)B

∫
1

−1
dx x (u(x) + d(x)) = Msol /Mh

∫
1

−1
dx Δu(x) − Δd(x) = (2T3)g(3)

A

Nucleon

NcB

1

−1/3 (2T3)g(3)
A



Numerical results and discussions
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[HDS, H.-Ch. Kim, In preparation] 

Light quarks inside a heavy baron are more concentrated at small x region


More probable to find a quark with small momentum fraction


Momentum sum-rule: light quarks are less energetic in a heavy baryon ( )


δ-like heavy quark distribution function 

Msol /Mh

Q(x) = δ(x − MQ/Mh)

u(x) + d(x)
Proton Σc Σb

Σb
u+d

u+d
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Mean-field size →0, the model exhibit the properties of the naive quark limit


     No interaction: naive parton model


Proton:


, M: constituent quark mass ( )


Momentum sum-rule:


              


Heavy baryon:


,  


→ The distribution is squeezed to small x as  grows


Momentum sum-rule:


                goes to 0 in the limit 

u(x) + d(x) = Ncδ(x − M/MN) MN = NcM

∫
1

0
dx x u(x) + d(x) = NcM/MN = 1

u(x) + d(x) = (Nc − 1)δ(x − M/Mh) Mh = (Nc − 1)M + MQ

MQ

∫
1

0
dx x u(x) + d(x) = (Nc − 1)M/Mh MQ → ∞

: naive quark limitu(x) + d(x)

∫
1

0
dxx [u(x) + d(x) + ū(x) + d̄(x) + Q(x)] = 1

Msol /Mh MQ/Mh

Momentum sum-rule

[HDS, H.-Ch. Kim, In preparation] 
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u(x) + d(x)

1 X0

MQ → ∞

[HDS, H.-Ch. Kim, In preparation] 
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u(x) + d(x)

1 X0

MQ ≫ ΛQCD, but finite

21

[HDS, H.-Ch. Kim, In preparation] 
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u(x) + d(x)

1 X0 MQ/Mh

MQ finite but ≫ ΛQCD

21

[HDS, H.-Ch. Kim, In preparation] 
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u(x) + d(x)

1 X0 MQ/Mh

MQ finite but ≫ ΛQCD, 1/MQ included

21

[HDS, H.-Ch. Kim, In preparation] 
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Heavy quark distribution (Q-diquark)


Guo, Thomas and Williams, Phys.Rev.D64 (2001)

21
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Δu(x) − Δd(x)

Similar behavior as the isoscalar unpolarized distribution, squeezed into small x


Spin sum-rule  is identical for Σc and Σb


Numerically,  = 1.4 (T3=+1).   ( =-1/3, NR)


∫
1

0
dx[Δu(x) − Δd(x) + Δū(x) − Δd̄(x)]

∫
1

0
dx[Δu(x) − Δd(x) + Δū(x) − Δd̄(x)] Δc

Proton Σc Σb
Σb
Δu-Δd
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[HDS, H.-Ch. Kim, In preparation] 
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f a
1 = (q↑a + q↓a)/2

ga
1 = (q↑a − q↓a)/2

f a
1 + ga

1 = q↑a

f a
1 − ga

1 = q↓a

Twist-2 Quark distribution functions (singlet)

Probability to find a quark with spin parallel /


antiparallel to the target


   → Positive

f a
1 ≥ |ga

1 |

Positivity and inequality

Unpolarized

Longitudinally polarized

q↑a
Spin (parallel ↑ /antiparallel ↓)

Flavor (singlet: u, d, s, …)

Quark PDF

[HDS, H.-Ch. Kim, In preparation] 
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f a
1 ≥ |ga

1 | In the large Nc, u-d and Δu + Δd are small → u + d − |Δu − Δd | ≥ 0

Proton Σc Σb

P
q

q

0.02 0.05 0.10 0.20 0.50
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x
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q

q
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Σb
q

q
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0
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x

Positivity and inequality

[HDS, H.-Ch. Kim, In preparation] 



Antiquark flavor asymmetry



Hyeon-Dong Son | APCTP Focus Program in Nuclear Physics 202226

Antiquark asymmetries in the proton

Unpolarized antiquarks: 


PDFs from polarized DIS: assumed  

χQSM prediction:  is large and positive


DIS is insensitive to the antiquark flavor asymmetry, but Drell-Yan is!


Analyses using DIS + SIDIS, Drell-Yan


Single spin asymmetry (W-boson) in polarized PP collision is used to study the asymmetry  

(STAR collaboration)


Global analyses updates:


d̄ > ū

Δū − Δd̄ = 0

Δū − Δd̄

[Glück, Reya, Vogt, ZPC (1995)]

[Dressler et al, EPJC 14 (2000), EPJC 18 (2001)]

[Diakonov et al., NPB (1996) / PRD (1997)]

[De Florian et al. PRD 100 (2019)]

[Kumano and Miyama, PLB 479 (2000)]

[Cocuzza et al. (JAM) arXiv:2202.03371 (2022)]

[Glück et al., PRD 63 (2001)]
[De Florian et al, PRD 80 (2009)]
[Nocera et al. (NNPDF), NPB 887 (2014)]

[L. Adamczyk et al. PRL 113 (2014)]
[A. Adare et al. PRD 98 (2018)]
[J. Adam et al. PRD 99 (2019)]

[Glück, Reya, Volgesang, PLB 359 (1995)]
[Glück et al., PRD 53 (1996)]
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[STAR collaboration, Phys.Rev.D 99 (2019) 5, 051102]
[SeaQuest, Nature 590 (2021) 7847, 561-565]

Antiquark asymmetries in the proton: new results

d̄/ū
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Polarized antiquark flavor asymmetry: model case

Band: Model systematic uncertainty


    fixed ρ~1/(600MeV), in the chiral limit

M [MeV] 330 420

MN [MeV] 1161 1077

ρ/R 0.32 0.37

Fπ [MeV] 77 90

1/Nc correction can enhance the PDF ~30%


Scale evolution

χQSM

[STAR collaboration, Phys.Rev.D 99 (2019) 5, 051102] Continuum contribution (Polarized vacuum) is crucial


Softness: quark virtuality (momentum dep. mass)
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Antiquark flavor asymmetry: heavy baryon

P

Σc

Σb

0.01 0.05 0.10 0.50 1
0.00

0.02

0.04

0.06

0.08

0.10

x

x(
Δ
u-

Δ
d)

[HDS, H.-Ch. Kim, In preparation] 
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Summary and outlook

29

‣ Light-quark distribution functions in a heavy baryon


‣ Light quarks in a heavy baryon are much less energetic than those in a proton

•  Can this be studied from experiment, at least indirectly?


    : suitable reaction? (exclusive) Decay of heavy baryon(b), heavy production in e+e-(DRY, fragmentation), …


•  1/MQ corrections


     Smearing of the heavy quark distribution


     Heavy-quark ←→   mean field, small? Stability?


•  ?Can be computed in the LaMET framework on the lattice (but P is not enough!) 
  Moments can be studied (eg. Momentum ratio of Heavy / light quarks)


•  SU(3)f extension: (sea) strange quark distributions in nucleon/heavy baryon 



Thank you very much!



Backup slides



Given action           ,

: Solution of this saddle-point equation

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



Light Baryons Singly heavy Baryons
D

ira
c 

S
ea

Heavy quark 
as a static  
color source



Presence of Nc (Nc-1) quarks will polarize the vacuum or create mean fields.

Nc (Nc-1) valence quarks Vacuum polarization or meson mean fields

Light baryon correlation function Single heavy baryon correlation function

HChK et al. PPNP 37 (1996) 91



P(r): Soliton profile function  
 or Soliton field

Light baryon classical mass Single heavy baryon classical mass

HChK et al. PPNP 37 (1996) 91

Yang, HChK, Praszalowicz, Polyakov,  
PRD 94 (2016) R071502
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Hedgehog Ansatz:

G = J + τ 

P = (-1)G,G+1
Discrete level

Negative continuum

Quantum Numbers:

Quarks are bound by the pion mean-field
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[HDS, H.-Ch. Kim, manuscript under preparation]u(x, v) + d(x, v)
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[HDS, H.-Ch. Kim, manuscript under preparation]Δu(x, v) − Δd(x, v)
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Sum-rules: heavy baryon PDFs

Baryon number

Momentum

Spin

20

<latexit sha1_base64="QjEq6zlENPxu0q2GPJPQtkrt8qk="></latexit>Z 1

�1
dx q(x, v) =

(
(Nc � 1)B, � = �0

v(Nc � 1)B, � = �3

<latexit sha1_base64="ggPXkE0QdzKgkJxgB1w6cZ/isC4="></latexit>Z 1

�1
dx xq(x, v) =

(
Msol/Mh, � = �0

vMsol/Mh, � = �3

<latexit sha1_base64="vJvK2MLrYHgnX/+PRfMgMPhPkF4="></latexit>Z 1

�1
dx (�u(x, v)��d(x, v)) =

(
v(2T3)g

(3)
A , � = �0

(2T3)g
(3)
A . � = �3

Heavy quark

1B

MQ/Mh



[HDS, H.-Ch. Kim, manuscript under preparation] 

Truncated momentum-sum 

u(x) + d(x)

Comparison of the light-quark momenta in (P, Σc, Σb) 


Momentum sum-rule: 


y for I=0.8 GeV: y =(0.5, 0.35, 0.15) for (P, Σc, Σb) 

Ih(y = 1) = Msol

Ih(y) ≡ Mh ∫
y

0
dxx [u(x) + d(x) + ū(x) + d̄(x)]

P r e l i m i n a r y

∫
1

0
dxx [u(x) + d(x) + ū(x) + d̄(x) + Q(x)] = 1

Msol /Mh MQ/Mh

Momentum sum-rule
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M. Constantinou’s slide @ Spin 2021, Japan
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Copied from [STAR collaboration, Phys.Rev.D 99 (2019) 5, 051102]


