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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.



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
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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?



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



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 szggiij” angular momentum

E—

K K‘=J% boost generator

Pauli-Lubanski vertor w, = 1 J7P'e
2 vpou

Casimir operators: P* = P“P, =m* mass

2 g M a2 :
W’ =w'w, =s° spin
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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) a pure rotation

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 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)-



What i1s Aq measured in DIS

- Aqisdefinedby Aqgs,=(p,s|qy,7a|p,s)

AG=(p,s|ayr:a| p,s)
« Using light-cone Dirac spinors

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

 Using conventional Dirac spinors

Aq=[d*pM,| q"(p)—a*(p) |

—2
M :(p0+p3+m)2_pj_
T 2(py + Ps)(Py+M)

Thus Aq is the light-cone quark spin
or quark spin in the infinite momentum frame,
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



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,




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.



The Spin Distributions in Quark Model

The spin distribution probabilities in the quark-diquark

modlel
u- = 1_18- ’u.%- = 1% dl- = % d%- = %
uk = 1 UJS- =0; d-=0; d‘lﬁ’u = 0. (7)
Narve Quark Model:
I f —_ 1. ; _ U
Ay = ot Ad = EE As =

V=Au+Ad+ As=1



Relativistic Effect due to Melosh-Rotation
Auylz) = ‘UIT(JJ) — U}I’(J,‘) — —11—8{1.1-(;13)1-’[*-"1-(3:) + %H.S(I)["{"'rg(ilf);

Ad(z) =dl(z) — di(z) = —%ar(;}:ﬁ-”[*’rr(;r).

from as(x) = 2u,(x) — duiz);

ai-(x) = 3d.(z).

we - Nuyfa) = [u(e) ~ M(@]V5(2) ~ b))

Ad(x) = —2d,(2)W5(z).



Relativistic SU(6) Quark Model
Flavor Symmetric Case

Relativistic Correction: M, = 0.75

Au=3iM,=1; Ad=—-1M,=—0.25;

Y=Au+ Ad+ As=0.75
@)/ Fi(z) > 5 for all



Relativistic SU(6) Quark Model
Flavor Asymmetric Case

Relativistic Correction: M, ~0.6; M;~ 0.9
An = _%ﬂff”_ = 0.8 Ad= —%ﬂ-ﬂ’d = =03 As=0
Y= Au+ Ad+ As = 0.5

F3(z)/Fy(z) — 1 at large o

B.-().2a. Plivs. Lett. B 375 (19967 320,



Relativistic SU(6) Quark Model
Flavor Asymmetric Case + Intrinsic Sea

For Intrinsic dd Sea (~ 153%):  Adg, ~ —0.07
For Intrinsic s5 Sea (~ 3%} Asge, = —0.03
Thus: > = Au+ Ad+ As + Adaey, + DSy == 0.4

S, L Drodaky and B-QAla, Plys. Leu, B 381 (1996 317,

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



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

# The unpolarized distribution of quark ¢ in hadron /. can be
written as

glx) = f':{.!‘.t.;(.i") + r':} ay (),

where ap(x)is
Hf;(.f') > / [{lj kJ_Hf,'J[:.E'. kJ_HE LD — S or IP)

# BHL prescription of the light-cone momentum space
wave function for quark-diquark

1 Hi‘ﬁ + k3 mi, + k?
r T 1 —x '

o(x, k)= Apexp {—

Y .}
t:u};,



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
# |ongitudinally polarized quark distribution
Ag(w) = &as(x) + ¢y av ()
where
ap(z) = /'[{12 k (Wp(e.k)|o(e. k)| (D= SorV)

#» Melosh-Winger rotation factor

Longitudinally polarized

i ]

(kT + My )= — ki
(et + Mg )<+ ki

Wplae. k) =

‘ 2 2 3 2
where Lt = 2 M, M* = mqtlu 4 omhtkl

| —7



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 S;# 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 I1.Schmidt,
Nucl.Phys.B441 (1995) 197-214, p.202



pQCD counting rule

0y o« (1-%)°
p=2n-1+2|As, | AS, =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.



Parameters in pQCD counting rule analysis

~

g = A* 2(1 X)

In leading term B
C 1
- 49 2 5
G =—-X*(1-x)
BS
Baryon q1 q, ;{ql C,. A, C,.
p u d 1.375 0.625 0.275 0.725

B.-Q. Ma, I. Schmidt, J.-J. Yang, Phys.Rev.D63(2001) 037501.

New Development: H. Avakian, S.J.Brodsky, D.Boer, F.Yuan, Phys.Rev.Lett.99:082001,2007.



Two different sets of parton distributions

#® SU(6) quark-diguark model

Ay (1) =[wy(x) — l}u"u () |[Wgla) — {lrflg (W (o),
& )

1
Ady(z) =—_—iu’u ()W ().

#» pQCD based counting rule analysis

“pC}CD. . para,

(o) = Uy L),
pQCD, . u’thl r) para . .
tdy (o) — th 1 (.
I'.! | a |
_.“'!pCICD N —”H-!th' ) para, ()
o uthl r) v o
ﬁcprCDl" ry = _\Ufthl ) para 1)

» CTEQS set 3 as input.



Different predictions in two models

1

E A7 [HEREES|
08 . glFEISE)
npf = aiFiiLak)

B Helicity distribution

® SU(6) quark-diquark :t;; I
model: | -
Avulx)julz)— 1 as — g (p)
r— 1.

Ad(z)/d(x) — —Las  wdnirieieiireis v N T
r— 1.

# pQCD based counting ,f"f'
rule analysis: f,
i\u!._fl:_J'_:l_l.-".l'-!I:_J'_:I — 1 as ,.4’;

r— 1. ; 3 z
Ad{a) fdix) — 1 as ,‘ .:.M N
r— 1.
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X.Zhang, B.-Q. Ma, PRD 85 (2012) 114048.

The proton spin in a light—cone chiral
quark model

0.6 01
QM+MW
0.5 re"“m\ -=<Pure QM
s ¢ \\ ...... QM (NR) 004
. ¢ X ol |l ee————
K \ = HERMES 2 -
— 03 ¢ \X % /',
x \R — 4
: 0.2 : \ y 0.1+ 3 ,I'
: 1 SR ¢ QM+MW
0.1 S AN
: ) e ===Pure QM
0.0 ’\._~_ 024 | T 1 |esees QM (NR)
) = HERMES
-0.1 ettt 00 02 04 06 08 10
0.0 0.2 0.4 0.6 0.8 1.0

An upgrade of previous work by including Melosh-Wigner
rotation: T.P. Cheng and L. F. Li, PRL 74 (1995) 2872



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



The Melosh-Wigner Rotation in
Transversity

20g=<(p.11lq, vy v q_,p.1)
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{.l‘ )= j [(flfﬁ_]ﬁf‘;{x.kl Llf.‘fgu“ﬁ'kl )

2
ki

A?LIL[TI{'J_}Z -
(kT 4+m)?+ k3

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



Spin and orbital sum in light-cone formalism

| 1
M+ M=
(kT +m)2=k | | ki
M (x.k)= B My(x.k)=—F——"5—
(k™ +m)*+ky (k*+m) +k|
1 1

Eﬁq{'x'} +L,(x)= E&q@{{'r'}

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



Unpolarized

(V)

Quark polarization

Longitudinally Polarized
(L)

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

. Long-Transversity
Helicity




The Melosh-Wigner Rotation in “Pretzelosity”

gl (z, k1) — h¥(x, k) = hy %z, kL) .

(kT 4+m)* — k3 (kT +m)* k2

(kt+m)24+ k5 (Bt +m)2+ k% (Kt +m)2+ k%

Pretzelosity = Aq — 0q = —L4

kﬂ
Pl'{".‘f}ﬂ{"tl{}f‘éit}-’ = — /[ 12kJ_] I+ 111} n kg fi(lQM (}{_. kJ_)
1

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



New Sum Rule of Physical Observables

gl (z, k1) — h¥(x, k) = hy %z, kL) .

(kT 4+m)* — k3 (kT +m)* k2

kt+m?2+k2  (t+mP2+k2  (kt+m?2+k2

Pretzelosity = Aq — 0q = —L4

kﬂ
Pl'{".‘f}ﬂ{"tl{}f‘éit}-’ = — /[ 12kJ_] I+ 111} n kg fi(lQM (}{_. kJ_)
1

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



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



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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The Necessity of Polarized p pbar Collider

The polarized proton antiproton Drell-Yan process

IS Ideal to measure

the pretzelosity distributions of the nucleon.

PHYSICAL REVIEW D 82, 114022 (2010)

Probing the leading-twist transverse-momentum-dependent parton distribution
function hllT via the polarized proton-antiproton Drell-Yan process

Jiacai Zhu
School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China

Bo-Qiang Ma™
School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
Center for High Energy Physics, Peking University, Beijing 100871, China
(Received 10 October 2010; published 22 December 2010)



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 (2012) 72:2037 THE EUROPEAN
DOI 10.1140/epjc/s10052-012-2037-7
ePICIS PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Azimuthal asymmetries in lepton-pair production at a fixed-target
experiment using the LHC beams (AFTER)

Tianbo Liu', Bo-Qiang Ma'-22

:School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
“Center for High Energy Physics, Peking University, Beijing 100871, China

unpolarized and single polarized pp and pd processes. We con-
clude that it is feasible to measure these azimuthal asymme-
tries, consequently the three-dimensional or transverse mo-

mentum dependent parton distribution functions (3dPDFs or
TMDs), at this new AFTER facility.



PHYSICAL REVIEW D 91, 034019 (2015)
Quark Wigner distributions in a light-cone spectator model

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

SCenter for High Energy Physics, Peking University, Beijing 100871, China
(Received 31 March 2014; published 19 February 2015)

We investigate the quark Wigner distributions in a light-cone spectator model. The Wigner distribution,
as a quasidistribution function, provides the most general one-parton information in a hadron. Combining
the polarization configurations, unpolarized, longitudinal polarized, or transversal polarized, of the quark
and the proton, we can define 16 independent Wigner distributions at leading twist. We calculate all these
Wigner distributions for the u quark and the d quark, respectively. In our calculation, both the scalar and the
axial-vector spectators are included, and the Melosh—Wigner rotation effects for both the quark and the
axial-vector spectator are taken into account. The results provide us a very rich picture of the quark
structure in the proton.



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 —
io(iky) = N wlm, + /Ax x)]




Light-Front Wanfunctions

generic ansatz,

Y=ol _ (my +a2M)’
Yr=1]? k1

—

dr(my + /Az(1 — 2)] 1 (k2 +m? k% +m3
Yr=o(w,kr) ~ Ar(1 —x) R T i l—x
—Am(kt + ik?) 1 (k% +m? k% +m}
_ k. )~ _ 1 1 1 2
Vr=i(z ko) Ax(l — x) =P [ 2\ ( PR R

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



Bawyow spectra: octet and decuplel

1.8

1.6

M/GeV

[—

0.8 .
N/A Z/A

[1]
=)

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



Proton:

0.0 05 10 15 20 o 1 2 3 4 s 6

2 2
0.15 oGV | 10/ Q?/GeV? -

.’:.‘L;J
0.05
Neutron:
0.00 |
00 05 21.0 2 15 20 % 05 0 s 20
Q/GGV QZ/GCVZ

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



Magmnetic moments;, Radii

Magnetic moments Radii
= M
EO'

NI - ok
o . 5
zt
A g
0l
0 1 2

P pex fpth

; | ,  Axial charge: 0.308

e 0.330 & 0.011(theo.) £ 0.025(exp.) % 0.028(evol.)

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



Conclusions

* The Melosh-Wigner rotation plays a key role to
understand the proton spin puzzle from the light-
front quark model.

non-relativistic » relativistic

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

ultra-relativistic (m=0) - relativistic (with m)



