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It has been 20 yearsIt has been 20 years
of the proton of the proton ““spin crisisspin crisis”” or or ““spin puzzlespin puzzle””

•• Spin Structure:    Spin Structure:    

spin “crisis” or “puzzle”: where is the proton’s missing spin?

3.0≈Δ+Δ+Δ=Σ sdu
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The first stage of experimentsThe first stage of experiments

•• NonNon--zero strange spin zero strange spin constributionconstribution
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A large strange spin contribution?A large strange spin contribution?
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The EllisThe Ellis--Jaffe sum rule & Its violationJaffe sum rule & Its violation

•• Neutron beta decay and Neutron beta decay and isospinisospin symmetrysymmetry

•• Strangeness changing Strangeness changing hyperonhyperon decay and SU(3) symmetry decay and SU(3) symmetry 

•• The assumption of zero strange spin The assumption of zero strange spin constributionconstribution

The EllisThe Ellis--Jaffe sum  Jaffe sum  

However,   what EMC measured   
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A previous global fit: A previous global fit: 
SU(3) SU(3) symmetry+measuredsymmetry+measured
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The second stage of experiments.The second stage of experiments.
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The third stage of experiments:The third stage of experiments:
+semi+semi--inclusive DIS process                 inclusive DIS process                 
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HERMES Collaboration, PRL92 (2004) 012005.
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The Proton “Spin Crisis”

3.0≈Δ+Δ+Δ=Σ sdu
In contradiction with the naIn contradiction with the naïïve quark ve quark 

model expectation:                             model expectation:                             
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Many Theoretical Many Theoretical ExplanantionsExplanantions

• The sea quarks of the proton are largely 
negatively polarized 

• The gluons provide a significant 
contribution to the proton spin
It was though that the spin “crisis” cannot be
understood within the quark model: “ the lowest uud
valence component of the proton is estimated to be of 
only a few percent.” R.L. Jaffe and Lipkin, 
PLB266(1991)158
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The proton spin crisis  The proton spin crisis  
&& the the MeloshMelosh--WignerWigner rotationrotation

• It is shown that the proton “spin crisis” or “spin puzzle” can 

be understood by the relativistic effect of quark transversal 

motions due to the Melosh-Wigner rotation.

• The quark helicity Δq measured in polarized deep inelastic 

scattering is actually the quark spin in the infinite momentum 

frame or in the light-cone formalism, and it is different from the 

quark spin in the nucleon rest frame or in the quark model. 

B.-Q. Ma, J.Phys. G 17 (1991) L53

B.-Q. Ma,  Q.-R. Zhang,   Z.Phys.C 58 (1993) 479-482
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The Notion of SpinThe Notion of Spin

• Related to the space-time symmetry of  the Poincaré group
• Generators   
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The The WignerWigner RotationRotation

for a rest particle   ( ,0)      (0, ) w  
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MeloshMelosh Rotation for SpinRotation for Spin--1/2 Particle1/2 Particle

The connection between spin states in the rest frame and 
infinite momentum frame
Or   between spin states in the conventional equal time 
dynamics and the light-front dynamics
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What is What is ΔΔq measured in DISq measured in DIS

• Δq is defined by

• Using light-cone Dirac spinors

• Using conventional Dirac spinors
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Thus Δq is the light-cone quark spin 
or quark spin in the infinite momentum frame, 
not that in the rest frame of the proton



14

A general consensusA general consensus
The quark helicity Δq  defined in the 
infinite momentum frame is generally 
not the same as the constituent quark 
spin component in the proton rest frame, 
just like that it is not sensible to 
compare apple with orange. 

H.-Y.Cheng, hep-ph/0002157，
Chin.J.Phys.38:753,2000
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A QED Example of Relativistic Spin EffectA QED Example of Relativistic Spin Effect

S.J. Brodsky, D.S. Hwang, B.S.J. Brodsky, D.S. Hwang, B.--Q. Ma, I. Schmidt, Q. Ma, I. Schmidt, NuclNucl. Phys. B 593 (2001) 311. Phys. B 593 (2001) 311

The lowest spin states of a The lowest spin states of a 
composite system must composite system must 

contain the orbital angular contain the orbital angular 
momentum contribution. momentum contribution. 

non-rel non-rel rel rels L s LΔ + = Δ +
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Quark spin sum is not a Quark spin sum is not a LorentzLorentz invariant quantityinvariant quantity

Thus the quark spin sum equals to the proton in the rest 
frame does not mean that it equals to the proton spin in 
the infinite momentum frame

  in the rest frame

does not mean that

 in the infinite momentum frame
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Therefore it is not a surprise that the quark spin sum 
measured in DIS does not equal to the proton spin 
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The Spin Distributions in Quark Model The Spin Distributions in Quark Model 
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Relativistic Effect due to Relativistic Effect due to MeloshMelosh--Rotation Rotation 

from

We obtain
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Relativistic SU(6) Quark ModelRelativistic SU(6) Quark Model
Flavor Symmetric CaseFlavor Symmetric Case
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Relativistic SU(6) Quark ModelRelativistic SU(6) Quark Model
Flavor Asymmetric CaseFlavor Asymmetric Case
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Relativistic SU(6) Quark ModelRelativistic SU(6) Quark Model
Flavor Asymmetric Case + Intrinsic SeaFlavor Asymmetric Case + Intrinsic Sea

More detailed discussions, see, B.-Q.Ma, J.-J.Yang, I.Schmidt, 
Eur.Phys.J.A12(2001)353
Understanding the Proton Spin “Puzzle” with a New “Minimal” Quark Model
Three quark valence component could be as large as 70% to account for the data
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A relativistic quark-diquark model 
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A relativistic quark-diquark model 
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A relativistic quark-diquark model 

B.-Q. Ma,  Phys.Lett. B 375 (1996) 320-326. 
B.-Q. Ma, I. Schmidt, J. Soffer, Phys.Lett. B 441 (1998) 461-467.
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The Melosh-Wigner rotation 
in pQCD based parametrization of quark helicity distributions

“The helicity distributions measured on the light-cone are 
related by a Wigner rotation (Melosh transformation) to the 
ordinary spin Si

z of the quarks in an equal-time rest-frame 
wavefunction description. Thus, due to the non-collinearity
of the quarks, one cannot expect that the quark helicities
will sum simply to the proton spin.”

S.J.Brodsky, M.Burkardt, and I.Schmidt,

Nucl.Phys.B441 (1995) 197-214, p.202
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pQCD counting rule
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• Based on the minimum connected tree graph of hard 
gluon exchanges.

• “Helicity retention” is predicted -- The helicity of a 
valence quark will match that of the parent nucleon.
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Parameters in pQCD counting rule analysis

B.-Q. Ma, I. Schmidt, J.-J. Yang, Phys.Rev.D63(2001) 037501.
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Two different sets of parton distributions
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Different predictions in two models
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C. C. BourrelyBourrely, J. , J. SofferSoffer, , NuclNucl. Phys. B423(1994) 329. Phys. B423(1994) 329
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X. Chen, Y. Mao, B.-Q. Ma, NPA A759(2008)188
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The The MeloshMelosh--WignerWigner rotation rotation 

is not the whole storyis not the whole story

• The role of sea is not addressed

• The role of gluon is not addressed

It is important to study the roles played by the sea 
quarks and gluons. Thus more theoretical and 
experimental researches can provide us a more 
completed picture of the nucleon spin structure. 



34

Chances：New Research Directions

• New quantities：Transversity, 
Generalized Parton Distributions, Collins 
Functions, Silver Functions, Boer-
Mulders Functions  

• Hyperon Physics：The spin structure of 
Lambda and Sigma hyperons
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Three fundamental quantities of quark distributions

What is transversity?
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The The MeloshMelosh--WignerWigner Rotation in Rotation in 
TransversityTransversity

I.Schmidt&J.SofferI.Schmidt&J.Soffer, , Phys.Lett.B 407 (1997) 331
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Transversity with Melosh-Wigner rotation 
in the quark-diquark model

)(ˆ xWV )(ˆ xWS

B.-Q. Ma, I. Schmidt, J. Soffer, Phys.Lett. B 441 (1998) 461-467.
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35/323 =B 693/5123 =B

The transversity in pQCD, in similar to 
helicity distributions
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B.-Q. Ma, I. Schmidt, J.-J. Yang, Phys.Rev.D63(2001) 037501.
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Transversity in two models
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solid curve for SU(6) and dashed curve for pQCD

SU(6) quark-
diquark model

pQCD based 
analysisVSVS

Ma, Schmidt and Yang, PRD 65, 034010 (2002)
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Collins asymmetry in semi-inclusive production
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Two sets of Collins functionsTwo sets of Collins functions

W. Vogelsang and F. Yuan, Phys. Rev. D72 (2005).
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Prediction for HERMES with only favored fragmentation

Y. Huang, J. She, and B.-Q. Ma, Phys. Rev. D76 (2007) 034004.
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Including unfavored fragmentation in HERMES condition

Y. Huang, J. She, and B.-Q. Ma, Phys. Rev. D76 (2007) 034004.

set I

set II
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Prediction in JLab condition (proton target)

Set I

Set II
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Set I

Set II

Prediction in JLab condition (neutron target)
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Transversity
from two pion interference fragmentation

2 2
1

2sin( ) / sin
2 2

1

| |( ) ( , , )

( ) ( , , )
R S

a a
a h

a h
UT a a

a h
a

Re f x d H z M
MA

e f x d D z M
φ φ θ

δ ζ ζ

ζ ζ
+ −

∑ ∫
∑ ∫

∼

New fragmentation functions are introduced: the dihadron
FFs, including the chiral odd interference FF.

• Jaffe, Jin and Tang, PRL 80, 1166 (1998)
• Radici, Jakob and Bianconi, PRD, 65, 074031 (2002)
• Bacchetta and Radici, PRD 74, 114007 (2006)
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Prediction on the proton targetPrediction on the proton target
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Prediction on neutron targetPrediction on neutron target

J. She, Y.Huang, and B.-Q. Ma, Phys. Rev. D77 (2008) 014035.

HERMES

COMPASS
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The The MeloshMelosh--WignerWigner Rotation in Rotation in 
Quark Orbital Angular MomentQuark Orbital Angular Moment

Ma&SchmidtMa&Schmidt, , Phys.Rev.D 58 (1998) 096008
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Three QCD spin sums for the proton spinThree QCD spin sums for the proton spin

X.X.--S.ChenS.Chen, X., X.--F.LuF.Lu,  W.,  W.--M.SunM.Sun, , F.WangF.Wang, , T.GoldmanT.Goldman, , PRL100(2008)232002PRL100(2008)232002



52

Spin and orbital sum in lightSpin and orbital sum in light--cone formalismcone formalism

Ma&SchmidtMa&Schmidt, , Phys.Rev.D 58 (1998) 096008
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Relations of quark distributionsRelations of quark distributions

Ma&SchmidtMa&Schmidt, , Phys.Rev.D 58 (1998) 096008

B.-Q. Ma, I. Schmidt, J. Soffer, Phys.Lett. B 441 (1998) 461-467.
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The The MeloshMelosh--WignerWigner Rotation in Rotation in 
““PretrelosityPretrelosity””
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““PretrelPretrel”” or or ““BrezelBrezel””
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““PretrelPretrel”” or or ““BrezelBrezel””
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““MahuaMahua((麻花麻花))””: the Chinese : the Chinese PreztelPreztel
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What is What is ““PretrelosityPretrelosity”” ? ? 
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What is What is ““PretrelosityPretrelosity”” ? ? 
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A Simple Relation A Simple Relation 
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Connection with Quark Orbital Angular MomentumConnection with Quark Orbital Angular Momentum
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PreztelosityPreztelosity in SIDISin SIDIS
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Quantities in CalculationQuantities in Calculation
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J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008
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J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008
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J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008
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ConclusionsConclusions
• Relativistic effect of Melosh-Winger rotation is important in  

hadron spin physics.  

• Transversity is being accessed in SIDIS and two pion
inteference fragmentation processes

• The unfavored Collins fragmentation plays a surprising role 
to reproduce the data,  than naively expected.   

• The preztelosity is an important quantity for the spin-orbital 
correlation.     

• New way to access quark orbital angular momentum is 
suggested.
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PionPion Spin Structure and Form FactorSpin Structure and Form Factor

Based on collaborated works with  Based on collaborated works with  T.HuangT.Huang and Q.and Q.--X.ShenX.Shen

?
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PionPion SpinSpin--Space Wave Function in Rest Frame Space Wave Function in Rest Frame 
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The Lowest Valence State Wave Function in LightThe Lowest Valence State Wave Function in Light--ConeCone
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The Spin Component CoefficientsThe Spin Component Coefficients
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