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It has been 20 years

of the proton “spin crisis” or “spin puzzle”

• Spin Structure:    

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

3.0 sdu

0.020u d s     



16

The Proton “Spin Crisis”

3.0 sdu

In contradiction with the naïve quark 

model expectation:                             
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The Ellis-Jaffe sum rule & Its violation

• Neutron beta decay and isospin symmetry

• Strangeness changing hyperon decay and SU(3) symmetry 

• The assumption of zero strange spin constribution 

The Ellis-Jaffe sum  

However,   what EMC measured   
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The first stage of experiments

• Non-zero strange spin constribution
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A large strange spin contribution?
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A previous global fit: 

SU(3) symmetry+measured                             
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The second stage of experiments.
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The third stage of experiments:

+semi-inclusive DIS process                              
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The strange contribution

to the proton spin

0.2 0.1 0.03s    

0,  how large?s 
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Many Theoretical Explanantions

• 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 Melosh-Wigner rotation

• 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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Pion Spin Structure and Form Factor

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

?

Fu-Guang Cao, Tao Huang, and Bo-Qiang Ma, Phys.Rev.D 53 (1996) 6582-6585. 

Fu-Guang Cao, Jun Cao, Tao Huang, and Bo-Qiang Ma, Phys.Rev.D 55 (1997) 7107-7113.

Jun Cao, Fu-Guang Cao, Tao Huang, Bo-Qiang Ma, Phys. Rev. D 58 (1998) 113006.
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Pion Spin-Space Wave Function in Rest Frame 
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Melosh Rotation for Spin-1/2 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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The Wigner Rotation

for a rest particle   ( ,0)      (0, ) w  

for a moving particle   L( ) ( ,0)    (0, ) L( ) /

L( ) ratationless Lorentz boost
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E.Wigner, Ann.Math.40(1939)149



31

The Lowest Valence State Wave Function in Light-Cone



32

The Spin Component Coefficients
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From field theory vertex calculation

Xiao & Ma, PRD71(2005)014034
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The proton spin crisis  

& the Melosh-Wigner rotation

• 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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What is Δq 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
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Quark spin sum is not a Lorentz invariant 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

q p

q
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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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A 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 Effect

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

The lowest spin states of a 

composite system must 

contain the orbital angular 

momentum contribution. 

non-rel non-rel rel rels L s L    
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Other approaches with same conclusion

Contribution from the lower component 
of Dirac spinors in the rest frame:

B.-Q. Ma,  Q.-R. Zhang,   Z.Phys.C 58 (1993) 479-482

D.Qing, X.-S.Chen, F.Wang, Phys.Rev.D58:114032,1998. 

P.Zavada, Phys.Rev.D65:054040,2002.
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The Spin Distributions in Quark Model 
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Relativistic Effect due to Melosh-Rotation 

from

We obtain
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Relativistic SU(6) Quark Model

Flavor Symmetric Case
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Relativistic SU(6) Quark Model

Flavor Asymmetric Case
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Relativistic SU(6) Quark Model

Flavor 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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2 1 2 | |          

p

z z q N

q x

p n s s s s

  

    -＋

• 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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In leading term

New Development: H. Avakian, S.J.Brodsky, D.Boer, F.Yuan, 

Phys.Rev.Lett.99:082001,2007. 
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Two different sets of parton distributions
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Different predictions in two models
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C. Bourrely, J. Soffer, Nucl. Phys. B423(1994) 329
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74

X. Chen, Y. Mao, B.-Q. Ma, NPA A759(2008)188
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It is possible to pin down 

flavor-dependence of spin distribution through 

polarized proton proton collider

• Quark-diquark model and pQCD have different predictions 

on flavor-dependence of quark helicity and transversity 

distributions.

• Such flavor dependence can be measured through polarized 

proton proton scattering in STAR.

• It is necessary to measure different combinations of 

polarization processes to extract flavor-dependent helicty and 

transversity quark distributions.
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The Melosh-Wigner rotation 

is 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. 
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Chances：New Research Directions

• New quantities：Transversity, 

Generalized Parton Distributions, Collins 

Functions, Silver Functions, Boer-

Mulders Functions, Pretzelosity  

• Hyperon Physics：The spin structure of 

Lambda and Sigma hyperons

B.-Q. Ma, I. Schmidt, J.-J. Yang 

Phys. Lett. B 477  (2000) 107

Phys. Rev. D 61 (2000) 034017
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The Melosh-Wigner Rotation in 

Transversity

I.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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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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solid curve for SU(6) and dashed curve for pQCD

SU(6) quark-
diquark model

pQCD based 
analysisVS

Ma, Schmidt and Yang, PRD 65, 034010 (2002)



84

Collins asymmetry in semi-inclusive production
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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

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 target
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Prediction on neutron target

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

HERMES

COMPASS
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Comparison with HERMES Data

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

HERMES, JHEP 0806:017,2008 
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Comparison with COMPASS Data

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

COMPASS Preliminary,  arXiv:0907.0961 
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Comparison with COMPASS Data

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

COMPASS, arXiv:1009.0819 [hep-ex] 
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The Melosh-Wigner Rotation in 

Quark Orbital Angular Moment

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

X.-S.Chen, X.-F.Lu,  W.-M.Sun, F.Wang, T.Goldman, PRL100(2008)232002
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Spin and orbital sum in light-cone formalism

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

Ma&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 Melosh-Wigner Rotation in 

“Pretzelosity”

J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008
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What is “Pretzelosity” ? 
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Transverse Momentum Dependent Quark Distributions
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What is “Pretzelosity” ? 
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A Simple Relation 
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Connection with Quark Orbital Angular Momentum
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Pretzelosity in SIDIS
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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



115

J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008
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Recent calculation to measure pretzelosity

from 

polarized proton antiproton collider

J.Zhu, B.-Q.Ma, Phys.Rev.D82  (2011)  114022
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The asymmetries to measure 

pretzelosity
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The weighted asymmetry to measure 

pretzelosity
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The unweighted asymmetry to 

measure pretzelosity
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The Necessity of Polarized p pbar Collider

The polarized proton antiproton Drell-Yan process 

is ideal to measure

the pretzelosity distributions of the nucleon.
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Probing Pretzelosity in pion p Drell-Yan Process

COMPASS pion p  Drell-Yan process 

can also measure

the pretzelosity distributions of the nucleon.
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Transverse Momentum Dependent Quark Distributions
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Names for New (tmd) PDF: 

COMPASS pion p  Drell-Yan process 

can also measure

the pretzelosity distributions of the nucleon.
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Conclusions

• The relativistic effect of Melosh-Winger rotation is 

important in  hadron spin physics.

• The pretzelosity is an important quantity for the 

spin-orbital correlation of the nucleon.     

• It is necessary to push forward experimental 

measurements of new physical quantities of the 

nucleon.


