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The structure of the proton

• The most abundant piece of matter in our world.

• A very mysterious object with many puzzles.



The Proton “Spin Crisis”

3.0 sdu

In contradiction with the naïve quark 

model expectation:                             



How to get a clear picture of nucleon?

• PDFs are physically defined in the IMF 

(infinite-momentum frame) or with space-

time on the light-cone. 

• Whether the physical picture of a nucleon 

is the same in different frames? 

A physical quantity defined by matrix element is frame-
independent, but its physical picture is frame-dependent. 



The improvement to the parton model?

• What would be the consequence by taking 

into account the transversal motions of 

partons? 

• It might be trivial in unpolarized situation. However 

it brings significant influences to spin dependent 

quantities (helicity and transversity distributions) 

and transversal momentum dependent quantities 

(TMDs or  3dPDFs).



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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   -1L ( )    a pure rotationp

E.Wigner, 
Ann.Math.40(1939)149



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



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

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

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



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



An intuitive picture to understand the spin puzzle

B.-Q. Ma, J.Phys.G 17 (1991) L53-L58

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



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.



A relativistic quark-diquark model 



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.



Different predictions in two models



The Melosh-Wigner Rotation in 

Transversity

I.Schmidt&J.Soffer, Phys.Lett.B 407 (1997) 331

B.-Q. Ma, I. Schmidt, J. Soffer, Phys.Lett. B 441 (1998) 461-467.



The Melosh-Wigner Rotation in 

Quark Orbital Angular Moment

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



B. Pasquini, S. Cazzaniga, and S. Boffi, Phys. Rev. D 78, 034025 (2008)

The Melosh-Wigner Rotation in  “Pretzelosity”



The Melosh-Wigner Rotation in  “Pretzelosity”

J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008



Transverse Momentum Dependent Quark Distributions



The Melosh-Wigner Rotation in five 3dPDFs



T-odd  functions with Wilson line

Boer-Mulders|DIS = － Boer-Mulders|DY
Collins|DIS =       Collins|DY

SIDIS  F[+] Drell-Yan  F[]

J. C. Collins, Phys.Lett.B536:43-48,2002. 

Boer-Mulders Function：
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Boer model of BM function：
universality between pion and proton



The                asymmetry for Drell-Yan process can be 

expressed in terms of Boer-Mulders functions

Parton probability interpretation
of  Boer-Mulders function

In theory

correlation between the quark transverse spin      and the quark 

transverse momentum        in the unpolarized hadron

D. Boer, P.J Mulders Phys. Rev. D 57, 5780 (1998)

2cos



The            asymmetries of unpolarized SIDIS process2cos

Unpolarized distribution  function         
MRST2001(LO set)
Unpolarized  fragmentation function
Stefan Kretzer2000

Boer-Mulders function
B. Zhang, Z. Lu, B.Q. Ma, I. Schmidt Phys.Rev.D77:054011,2008. 

Collins function
Anselmino et al. Phys.Rev.D75:054032,2007. 

Cahn effect 

Boer-Mulders effect

Evolution come from the unpolarized distribution function and 
unpolarized fragmentation function



(E866 Drell-Yan p+D Process L.Y. Zhu, J.C. Peng  et al , Phys.Rev.Lett.99:082301,2007. )

(CERN program library MINUIT)

,

Best fit values of Boer-Mulders functions

Large Nc (Pobylitsa) 
Lattice calculation (QCDSF)
GPD approach (Buikardt,Gamberg)                       

Axial-diquark model                               and
(Bacchetta,Schafer, Yang) nearly have
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,
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different sign

B. Zhang, Z. Lu, B.Q. Ma, I. Schmidt Phys.Rev.D77:054011,2008. 



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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Inputs: Boer-Mulders Function 
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u-quark dominance assumption
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Inputs: pretzelosity & transversity
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Results:                                
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Results:                                
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Results:  integrated over entire kinematic range                              



The Necessity of Polarized p pbar  Collider

The polarized proton antiproton Drell-Yan process 

is ideal to measure

the pretzelosity distributions of the nucleon.



Preztelosity in SIDIS



Conclusions

• The relativistic effect of quark transversal motions plays a 

significant role in  spin-dependent quantities: helicity and 

transversity, five 3dPDFs or TMDs, Boer-Mulders Functions.

• The COMPASS measurement represents the first evidence 

for the Boer-Mulders effect in polarized Drell-Yan process.

• Still unable to distinguish the sign of pretzelosity due to large 

uncertainties.

• More precision experiments are needed to measure new 

quantities of the nucleon.


