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Physics with pion beam:

Structure of  pion and nucleon

Collaborators: Enzo Barone, Stan Brodsky, Tao Huang, Jacques Soffer, Ivan Schmidt
and students: Zhun Lu, Jun She, Bo-Wen Xiao, Xiaonan Liu 



Probing pion Boer–Mulders function and proton 

transversity in pion+p Drell-Yan Process

COMPASS pion+p  Drell-Yan process 

can also measure

the pretzelosity distributions of the nucleon.



Probing pion Boer-Mulders function and proton 

pretzelosity with pion+p Drell-Yan Process

COMPASS pion+p  Drell-Yan process 
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The structure of nucleon

• The most abundant piece of matter in our 

world.

• A very mysterious object with many puzzles: 

proton spin crisis, sea content of the nucleon, 

3-dimentional structure of the nucleon. 
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The Proton “Spin Crisis”

These results could be argued to imply that the sum of the spins 

carried by the quarks in a proton was consistent with zero, rather 

than with 1/2 as given in the quark model, suggesting a  “Spin 

Crisis” in the parton model.

M.Anselmino, A.Efremov, E.Leader

Physics Reports 261 (1995) page 4
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The structure of the nucleon



The Pion Spin Structure

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.

The most simple case:
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?

BIHEP-TH-90-37 
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Pion Spin-Space Wave Function in Rest Frame 



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



Pion as the Lowest Valence State Wave Function in Light-Cone

Huang, Ma & Shen, PRD49 (1994) 1490



The Spin Component Coefficients

Huang, Ma & Shen, PRD49 (1994) 1490



From field theory vertex calculation

Xiao & Ma, PRD71(2005)014034



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 + =  +



What is Δq measured in DIS 

• Δq is defined by

• Using light-cone Dirac spinors

• Using conventional Dirac spinors

5

5

 s , | | ,

, | | ,

q p s q q p s

q p s q q p s

  

 +

 =  

 =  

1

0
d ( ) ( )q x q x q x   = − 

3

2
2

0 3

0 3 0

d ( ) ( )

( )

2( )( )

q

q

q pM q p q p

p p m p
M

p p p m

 

⊥

  = −
 

+ +
=

+ +



－

Thus Δq is the light-cone quark spin, or quark spin in IMF, 
not that in the rest frame of the proton



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



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
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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 



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 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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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



Transverse Momentum Dependent Quark Distributions
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What is “Pretzelosity” 麻花度？

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

Connection with Quark Orbital Angular Momentum



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



The Melosh-Wigner Rotation in five 3dPDFs



Pion as the Lowest Valence State Wave Function in Light-Cone

Huang, Ma & Shen, PRD49 (1994) 1490



The Spin Component Coefficients

Huang, Ma & Shen, PRD49 (1994) 1490



From field theory vertex calculation

Xiao & Ma, PRD71(2005)014034



Pion Boer–Mulders Function 



Pion Boer–Mulders Function 
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• Drell-Yan process serves as a vital tool to probe the 

structure of colliding beams such as protons on targets.  

• Pion as beam provides new opportunities to explore the 

spin and flavor structure of pions and nucleons.

Drell-Yan Process  



Pion Boer–Mulders Function+ proton distributions 

in pion+p Drell-Yan process with COMPASS data



Comparison of model with data

Xiaonan Liu, B.-Q. Ma, arXiv: 2111.02766, EPJC 81 (2021) 635 



Comparison of model with data

Xiaonan Liu, B.-Q. Ma, arXiv: 2111.02766, EPJC 81 (2021) 635 



Conclusions

• The pion+proton (deteuron) Drell-Yan process 

provide a valuable chance to probe the pion spin 

structure and the nucleon structure.

• Pion as beam can provide new opportunities to 

investigate the quark spin and flavor structure of 

pions and nucleons. 
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