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Nucleons: Building Block of Matter

« Nucleon anomalous magnetic
moment (Stern, Nobel Prize 1943)

« Electromagnetic form factor from
electron scattering (Hofstadter,
Nobel Prize 1961)

« Deep-in-elastic scattering, quark
underlying structure of the nucleon
(Freedman, Kendell, Feldman,
Nobel Prize 1990)

O valen'::e O antiquark @ quark TFF gluon
quar

Understanding the underlying nucleon structure
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The structure of the nucleon

e The most abundant piece of matter in our
world.

e A very mysterious object with many puzzles:
proton spin crisis, sea content of the nucleon,
3-dimentional structure of the nucleon.



Surprises & Anomalies
about the Quark Structure of Nucleon: Sea

Spin Structure: = =AU+ Ad +AS =~ 0.3

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

Flavor Asymmetry U = CT

Strange Content ~ AS#0 S(X) #S(X) ?
Brodsky & Ma, PLB381(96)317

Isospin Symmetry Breaking T 1 i T
a,=d, d =0, *

or Charge Symmetry Violation
Ma, PLB 274 (92) 111

Boros, Londergan, Thomas, PRL81(98)4075
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The Proton “Spin Crisis”

>=AU+Ad +As=0.3

In contradiction with the na'we quark
model expectation:

Narve Quark Model:
Jiu:_“—r_,]:; Ad=—3z; As=0

V=Au+Ad+As=1

I



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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Why there Is the proton spin puzzle/crisis?

» The quark model is very successful for the
classification of baryons and mesons

» The quark model is good to explain the magnetic
moments of octet baryons

» The quark model gave the birth of QCD as a theory
for strong interaction

So why there is serious problem with spin of the proton
In the quark model?



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 thought 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



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 parton model

- photon scatters incoherently off H::;ium }
massless, pointlike, spin-1/2 quarks Frame

 probability that a quark carries fraction & of parent
proton’'s momentum is q(&), (0< & < 1)

\/ Fz(x)=z j:dcf eij(cf)é(x—f)=z €4 X0(X)

/_:.— 4 1 1 |
=3 Xu(x) + 9 xd(x) + 9 Xs(X) + ...

the functions u(x), d(x), s(x), .. are called parton distribution
functions (pdfs) - they encode information about the proton's deep
structure

Parton model is established under the collinear approxiamtion:
The transversal motion of partons is neglected or integrated over.



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
guantities (helicity and transversity distributions)
and transversal momentum dependent quantities
(TMDs or 3dPDFs).



The most simple case:

The Pion Spin Structure

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

[1] T. Huang, B.(. 34, and QXL Shen, Plgs. Rev, D 49, 1490 (1994).
[2] B. Q. Ma. Z. Plivs. A 345, 321 (1993).

[3] B.Q-3a and T.Huang, J. Phya. G 21, (763) (1993).

Fu-6uang 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.



BIHEP-TH-90-37

PHYSICAL REVIEW D VOLUME 49, NUMBER 3 1 FEBRUARY 1994

Analysis of the pion wave function in the light-cone formalism

Tao Huang, Bo-Qiang Ma, and Qi-Xing Shen
Center of Theoretical Physics, China Center of Advanced Science and Technology (World Laboratory), Beijing, China
and Institute of High Energy Physics, Academia Sinica, P.O. Box 918(4), Beijing 100039, China*
(Received 22 January 1991; revised manuscript received 12 August 1993)

We analyze several general constraints on the pionic valence-state wave function. It is found that the
present model wave functions used in the light-cone formalism of perturbative quantum chromodynam-
ics have failed to reproduce the Chernyak-Zhitnitsky (CZ) distribution amplitude which is required to fit
the pionic form factor data and the reasonable valence-state structure function which does not exceed
the pionic structure function data for x — 1 simultaneously. A possible model wave function which can
satisfy all the general constraints has been suggested and analyzed.

PACS number(s): 12.38.—t, 12.39.—x, 13.60.—r

calculation. Also, we have shown that there are two
higher helicity (A;+A,=21) components in the light-
cone wave function for the pion as a natural consequence
from the Melosh rotation and it is speculated that these
components should be incorporated into the perturbative
quantum chromodynamics. Some progress has been
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Pion Spin-Space Wave Function in Rest Frame

In the pion rest frame, the instant-form spin space wave-

function of pion is

xr = (xlx

b i—

— A /V2

in which v/ 4

v are the two-component. Pauli spinors.

34



Melosh Rotation for Spin-1/2 Particle

The connection between spin states in the rest frame
and infinite momentum frame

Or Dbetween spin states in the conventional equal time
dynamics and the light-front dynamics

XN(T) = wl(g~ + m)x"(F) — ¢"xHF));

XNT) = wllg +m)xHF) +¢" X (F)-



The Notion of Spin

« Related to the space-time symmetry of the Poincarégroup
 Generators P“ =(H,P), space-time translator

J*" Infinitesimal Lorentz transformation

1 )
J J":Egiij” angular momentum

—

K K‘=J" boost generator

Pauli-Lubanski vertor w, = E J7PVe
2 vpou

Casimir operators: P* = PP, =m* mass

2

2 M . .
w® =w“w, =s* spin

36



The Wigner Rotation

for a rest particle (m,0)=p*  (0,s) = w*

for a moving particle L(p)p=(m,0) (0,s)=L(p)w/m
L(p) = ratationless Lorentz boost
Wigner Rotation

5,p, >, p,
s=R,(A,p)s p'=Ap
R, (A,p)=L(p)AL*(p) apure rotation

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



Huang, Ma & Shen, PRD49 (1994) 1490

The Lowest Valence State Wave Function in Light-Cone

iy >= kD ek L)
i, kB (e K L D]
where
’q‘fr‘(;m k_g /\h Ag) = Cﬁr(ﬁ k_.} /‘\1_.5 Ag)u’?ﬁ?(;ﬂg k_)

Here «(x, k_) is the momentum space wave function in the

light-cone formalism.



Huang, Ma & Shen, PRD49 (1994) 1490

The Spin Component Coefficients

The spin component. coefficients C3 have the forms,
C§ (g1 1) = wiweo[(gr +m){gs +m) —q*]/v2;
Ci (. g4 1) = —wrws[lgT + milgs +m) — *]/V2;
Cf (g1 1) = wrws[(gr +m)gs — (g3 +m)af]/v2;
Cy (2,954 1) = wrws[ (g7 +m)gd — (g7 +myqgf’]/v2.
Cd satisfy the relation

Z/\_l!)ﬁz Cf;?(l,‘ 1{_= /\.1E AQ)C({(,B k_‘, /\1, /\g) = 1.



From field theory vertex calculation

?(p; pQ_r _kJ_) ~ 'u'(pi'—.'pl_.' kJ_)

 RV/T
 _
oL Ut 2mPT
i3] - A7 - 1.2
p pf dmz(l—x)P
U, o M oy 2mPt
/D - a4 . 42 4
py pf dmz(l—x)P
vy oup _ 2(ki+ike)PT
.lr.l 5 o I A — —|—2 1
pT pT dmaz(l—x)P
v uy . 2(k1—iko)PT
/5 — I a — +2
\ p pt dmz(l—x)P

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
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What i1s Aq measured in DIS

- Aqisdefinedby Aqs,=(p,s|qy,70a|p,s)

Ad=(p,s|dr'7alp.s)
 Using light-cone Dirac spinors

Aq=[ dx[q'(x)-q"(x)]

 Using conventional Dirac spinors

Aq = [d*pM, | a"(p)-a*(p)|

—2
M :(p0+p3+m)2_pL
T 2(po + Py)(Py +M)

Thus Aq 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 Ag 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

guark 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

»'sq =S, inthe rest frame
q
does not mean that

»'sq =S, in the infinite momentum frame
q

Therefore it is not a surprise that the quark spin sum
measured in DIS does not equal to the proton spin



B.-Q. Ma, J.Phys.G 17 (1991) L53-L58
B.-Q. Ma, Q.-R. Zhang, Z.Phys.C 58 (1993) 479-482

An intuitive picture to understand the spin puzzle

Lorentz Boost

s = Ru(A, p)§
Rest Frame Infinite Momentum Frame

>§=S5, 5 # S,




A general consensus

The quark helicity Aq 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



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.



PHYSICAL REVIEW D 92, 096003 (2015)
Baryon properties from light-front holographic QCD

Tianbo Liu" and Bo-Qiang Ma' "
School of Physics and State Key Laboratory of Nuclear Physics and Technology,
Peking University, Beijing 100871, China
*Collaborative Innovation Center of Quantum Matter, Beijing, China
Center for High Energy Physics, Peking University, Beijing 100871, China
(Received 4 June 2015; published 3 November 2015)

4 Ax(1 —
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T.Liu, B.-Q.Ma, Phys.Rev.D92 (2015) 096003



The Spin of Nucleon from Holographic QCD

Axial charge: 0.308

0.330 + 0.011(theo.) £ 0.025(exp.) £ 0.028(evol.)

The light-front holographic model with nonzero
quark mass is essential to understand the spin
structure with other low energy properties

reproduced.

T.Liu, B.-Q.Ma, Phys.Rev.D92 (2015) 096003



The Melosh-Wigner rotation
iIs not the whole story

e The role of sea is not addressed

e The role of gluon is not addressed

Gluons are hidden in the spectators in our quark-diquark model

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



Chances: New Research Directions

* New quantities: Transversity, Generalized
Parton Distributions, Collins Functions,
Sivers Functions, Boer-Mulders Functions,
Pretzelosity, Wigner Distributions

» Hyperon Physics: The spin structure of
Lambda and Sigma hyperons

B.-Q. Ma, I. Schmidt, J.-J. Yang, PLB 477 (2000) 107, PRD 61 (2000) 034017
B.-Q. Ma, J. Soffer, PRL 82 (1999) 2250



Unpolarized

(V)

Quark polarization

Longitudinally Polarized
(L)

Boer-Mulders
e o gt (O (=
2 \* - C - 1L -

. Long-Transversity
Helicity




The Melosh-Wigner Rotation in
Transversity

20g=(p.T1q, v v q_,|p.l)
5q(x) = J[d%k ], (x.k ) Agre( .k )

. (;ﬁf’L—l—h'r;r)j
M(x.k,)= —
(KFT+m) + k]

|.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

ot -

) o o
Lo==ilkyz——k

4 rﬂfg : r}kl / .

Lg{.f‘f )= J [dzft'l]J?ll'fL{l'.kJ_ },li:fgu‘*'[';ﬁ_ )

2
ki
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Ma&Schmidt, Phys.Rev.D 58 (1998) 096008



The Melosh-Wigner Rotation in five 3dPDFs

27 R 2 Melosh#:#h |+ (Wp(D =V, S))

81L (xAMp + my)* — p1]/[(xAp + mg)* + p7]
gt 2Mp(xAMp + mg)/[(xMp + mg)* + p]
hy (X//ZD + mq)2/[(X//XD + mq)2 + Pi
hf‘L — 2Mp(xAp + mq)/[(xAp + mq)z + PJQ_]
hi —2M2 /[(xAp + my)? + p3]

m2+4 p? m2 +p2 . S
Mp =~ + DL RS YREAG R TRF

X



Lepton Scattering ----- A powerful tool

lepton:l’

lepton: |

fes
L g
!

{4 .
b3 A~
Lo w
Nucleon: P, M .
.,

- e

Hfffepfﬂn:F

lepton:l -

x=1 dimensional longitudinal momentum

tagging the struck quark through

leading hadrons (semi-inclusive
DIS)

to image in 3-momentum space

8 New TMD PDFs
‘ FI(x KT), .. hi(x KT)




Names for New (tmd) PDF: gir and hi

g1T trans-helicity gy

hiLL longi-transversity / heli-transversity ##%

Physics Letters B 696 (2011) 246-251

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Proposal for measuring new transverse momentum dependent parton
distributions g7 and hﬁ through semi-inclusive deep inelastic scattering
Jiacai Zhu?, Bo-Qiang Ma &b-*

2 School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
b Center for High Energy Physics, Peking University, Beijing 100871, China
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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.

Physics Letters B 696 (2011) 513-517

Contents lists available at ScienceDirect X

Physics Letters B

i

www.elsevier.com/locate/physletb

Single spin asymmetry in 77 p Drell-Yan process
Zhun Lu®P, Bo-Qiang Ma%*, Jun She®¢

 Department of Physics, Southeast University, Nanjing 211189, China
b Departamento de Fisica, Universidad Técnica Federico Santa Maria, and Centro Cientifico-Tecnolégico de Valparaiso Casilla 110-V, Valparaiso, Chile
€ School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China



Eur. Phys. J. C (2021) 81:635 THE EUROPEAN
https://doi.org/10.1140/epjc/s10052-021-09457-2 PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Boer-Mulders function of the pion and pretzelosity distribution of
the proton in the polarized pion-proton Drell-Yan process at
COMPASS

Xiaonan Liu!, Bo-Qiang Ma !?-*

T pT — u utX
The generic gr-weighted TSA

AXWx _ [ d*qrWx F{¥
! [ d*qrF

@ The COMPASS Collaboration at CERN adopts a 7~ beam
with P, = 190 GeV colliding on a NH3 target which
provides a great opportunity to explore the Boer-Mulders
function of the pion.
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STAR at RHIC IR, SRS

5p%/ﬁ\‘X

P

P

Providing information about
«the inclusive production of hadrons
«the strange and antistrange quark polarizations of the proton.
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Xiaonan Liu, B.-Q. Ma, arXiv:1905.02360, EPJC 79 (2019) 409

Results from fitting STAR data

Table: Fitting results of «; and calculated results of As and AS.

value As AS X2
a;  -1.20x1.31  -0.014=0.015 0.37
ap  -0.24%0.49 -0.003+0.005  2.48
az  -2.17x1.65  -0.025==0.019 0.42
g  -0.08711.08 -0.001+0.012  2.24

Two options: with/without gluon polarization
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Physics Letters B 830 (2022) 137127

Six-dimensional light-front Wigner distribution of hadrons

Yingda Han?, Tianbo Liu”, Bo-Qiang Ma *

ABSTRACT

We propose a six-dimensional light-front Wigner distribution for the complete description of partonic
structures of a hadron such as pion and proton, taking advantage of the recently proposed light-
front variable z by Miller and Brodsky. Quantities derived from the Wigner distribution contain the
most general information of partonic structures, including also new quantities correlating longitudinal
coordinate with transverse momenta or transverse coordinates, together with spins. The new Wigner
distribution can be viewed as a relativistic version of the original Wigner distribution in hadron physics
and an extension of widely utilized five-dimensional light-front Wigner distribution.



Y.Han, T.Liu, B.-Q. Ma, PLB 830 (2022) 137127
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Y.Han, T.Liu, B.-Q. Ma, PLB 830 (2022) 137127
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