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It has been 25 years

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

Spin Structure: experimentally

>=Au+Ad +As =~ 0.020

v

>=AU+Ad +As~0.3

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



The Proton “Spin Crisis”

>=AU+Ad +As =0.3

In contradiction with the nawe quark
model expectation:

Narve Quark Model:
Au = ”—r_,]: Ad = —%; As=0
V=Au+Ad+As=1



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



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.

See the two pictures of diffraction in IMF and in rest-frame.
Salek’s talk



The parton model (Feynman 1969)

- photon scatters incoherently off —
massless, pointlike, spin-1/2 quarks Lmomen‘rum}
n

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

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 intergrated 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 Pion Spin Structure

Based on collaborated works with T.Huang and Q.-X.Shen
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[3] B.Q-3a and T.Huang, J. Phya G 21, (763) (1993).
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.- Analysis of the pion wave function i in the hght-cone formahsm

Tao Huang, Bo-Qlang Ma, and Ql-Xmg Shen
" Center of Theoretical Phys:cs, China Center of Advanced Science and Technology (World Laboratory), Beijing, China
‘ and Instttute of Hzgh Energy Physics, Academia Sinica, P.O. Box 918(4), Beijing 100039, Chlna
(Recewed 22 January 1991; revised manuscript received 12 August 1993) '

‘“We analyze several general constraints on the pionic valencc-state wave functlon It is found that the
presént 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 plomc structure function data for x — 1 simultaneously. A possible model wave function which can
satlsfy all the general constralnts has been suggested and analyzed.

PACS number(s): 1_2.38.-1:7, 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



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

Lo i—

— /2

in which v/ 4

v are the two-component. Pauli spinors.



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



The Notion of Spin

« Related to the space-time symmetry of the Poincarégroup
e Generators P*=(H ,5), space-time translator
J*" infinitesimal Lorentz transformation

1 )
J szzgiij” angular momentum

e —

K K‘=JY boost generator

Pauli-Lubanski vertor w, = l J7PYe
2 vpou

Casimir operators: P* =P“P, =m* mass

2 M a2 .
W’ =w W, =s° spin

19



The Wigner Rotation

for a rest particle (m,6) = p” (O,g) =wW*

for a moving particle L(p)p = (m,6) (O,§) =L(p)w/m
L(p) = ratationless Lorentz boost

Wigner Rotation

s,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



The Lowest Valence State Wave Function in Light-Cone

iy >= kD ek L)
i, kB (e K L D]
where
’q‘fr‘(;m k_E /\h Ag) = Cﬁp(ﬁ k_.} /‘\1.5 Ag)u}.’?(i}& k_)

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

light-cone formalism.



The Spin Component Coefficients

The spin component. coefficients C3 have the forms,
C§ (voq. 1 1) = wiwo[(gr + m){(gs +m) —q*]/v2;
Ci (2, q. 1) = —wrws[lgT + milgs +m) — *]/V2;
Co (w1 1) = wrws(q7 + m)gy — (g5 + m)gF]/v2;
Cy (2,9, 45 1) = wrws[ (g7 +m)gd’ — (g7 +myqf’]/v2.
Cd satisfy the relation

Z)._l!).l2 C{(JS‘ 1'{_E )\.1E Ag)CﬁP(,B k_., Al, )L_Z) = 1.



From field theory vertex calculation

?(pé’_ pQ_r _kJ_) ~ 'u'(pf—.'pl_r kJ_)

R/
 _
oL Ut 2mP+
i3] - A7 - 42
p pf Admzx(l—x)P
U, . M o 2mPt
/D - a4 . +2
py pf Admaz(l—x)P
vy o up_ 2(ki+ik)PT
.lr.l 5 o I A — —I—Q 7
pT pT dmaz(l—x)P
v uy  2(k1—iko)PT
/5 — I a — +2 3
\ 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, |. Schmidt, Nucl. Phys. B 593 (2001) 311

ot
- The lowest spin states of a
composite system must

_,C 2 contain the orbital angular
l'k'-t A B Pl wii-1) ?

what ave the "IEUE'I.‘HE.H 1{ pack f""'i";"'h' ?

IAETERS momentum contribution.
{ 'H';HH- b= (M-5)9
Ky =l-4,0 _
ke AS non -rel T Lnon rel ASreI T L
—)-C’_ [E;m.fhlu}rﬁfy_
who =% D |
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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 Aqg 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



What is Ag measured in DIS

+ Aqisdefinedby Aq's, =(p,s|d, 70| p.S)

AG=(p,s|ay"7a] p.s)
« Using light-cone Dirac spinors

Aq=[ ax[a" () -a* (%]

« Using conventional Dirac spinors

Aq=[d*pM,| q"(p)—q*(p) |

—2
M _ (Pt ps+m)°—p,
T2(pg + Py)(pe + 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




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

qu =S, in the rest frame
q
does not mean that

qu = §p In the infinite momentum frame
g

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



Other approaches with same conclusion

Contribution from the lower component
of Dirac spinors Iin 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
LETT = 1_18- ’u.%— = 1% dl- = % d%— = %
uk = % ’UJ_g- =0; d-=0; d‘l_é = 0. (7)
Narve Quark Model:
Ay = ot Ad = GE As =

YV=Au+Ad+ As=1



Relativistic Effect due to Melosh-Rotation

Aux) = ul(z) — wh(r) = —%m—(ﬂ:ﬁ-’[ﬁ-(;r) + %H.S(;B)["/I"'rg(ilf);

Ady(z) = dl(z) — df{z) = —far-(x)Wi-(z).

from as(x) = 2u,(x) — duiz);

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

We Auy(x) = [uax) — %{L,(J:)]I-Vg(;ﬁ) — %{L,(I)VH-(;E);

obtain

Ad,(x) = —2d, () Wi (z).



Relativistic SU(6) Quark Model
Flavor Symmetric Case

Relativistic Correction: A, = 0.75

Au=3M,=1; Ad=-1M, = —0.25;

Y= Au4+ Ad+ As = 0.75
F(z)/Fi(z) > 5 for all




Relativistic SU(6) Quark Model
Flavor Asymmetric Case

Relativistic Correction: M, =~ 0.6; Mz~ 0.9
Au=3M,=08; Ad=-iM;=-03; As=0
Y= Au+ Ad+ As =~ 0.5

Fi{z)/Fi(z) — 1 at large ©

B.~().Aa., Plys. 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, 2 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



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 1.Schmidt,
Nucl.Phys.B441 (1995) 197-214, p.202



pQCD counting rule

0 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

~

4 = (1o x)

In leading term B
3
C, 1
- | 2 ( )5
O = 3 1-X

5
Baryon q1 q, ;{ql C,. A, c,.
2 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),
4rF:IICZHZZ[Z', B u’thl ) para . .
i, (1) — 1 ().
.'.!thl T
A pQCD — —‘H-!th' L) para
e T = T D ).
|
_\“JI.EQCDIJI _ _"'u'fthl a) “Eara (z).
o “ty fa) o

» 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 £ i
model:
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Y.Zhang, B.-Q. Ma, PRD 85 (2012) 114048.

The proton spin in a light—cone chiral
quark model

0.6 0.1
QM+MW
0.5 L ==<Pure QM
’ N
s ¢ \\ ...... QM (NR) 00l
- ‘ . [ ] ) A1 I D o
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X \\ s ’
S 0.2 o
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0.1
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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 guantities: 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, 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

26g=Cp.T1q,y v q_,Ip.1>
5q(x) = f[d;«: | M, (x.k ) Agre(x.k )
H Er+ m)’
M(x.k,)= ( ")

(kt+m) + k3,
|.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
Lo==il ko =k

4 r}ffg . r}kl .

L,_?{.T )= j [dlffl]ﬁflr{l'.kl }Aqgij{fkl )

2
ky

ﬁ«fL{T.I(J_}: -
(kT +m)*+k]

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



PHYSICAL REVIEW D 78, 034025 (2008)
Transverse momentum dependent parton distributions in a light-cone quark model

B. Pasquini, S. Cazzaniga, and S. Boffi
Dipartimento di Fisica Nucleare e Teorica, Universita degli Studi di Pavia,

and Istituto Nazionale di Fisica Nucleare, Sezione di Pavia, 1-27100 Pavia, Italy

(Received 23 June 2008; published 21 August 2008)

h#’ (x, k%) = —P1 f{![l]d[Z]d[}],a’,t,,t'}tg

X 8k — k)l ki DI
2M?

X —,
(m + xMy)~ + k7

The Melosh-Wigner Rotation in “Pretzelosity”
B. Pasquini, S. Cazzaniga, and S. Boffi, Phys. Rev. D 78, 034025 (2008)



The Melosh-Wigner Rotation in “Pretzelosity”

gl (z, k1) — h¥(x, k) = h Pz, kL) .

(kT 4+m)* — k3 (kT +m)* k2

(kt +m)2 + K3 t+m32+k2 (kt+m2+ K
_ L . L . . 1

Pretzelosity = Aq — 0q = —L4

kﬂ
Pretzelosity = — /[ 12kL] T K Adqoum(x, k)
1

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



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

Connection with Quark Orbital Angular Momentum

: RV v P
@ T he rotation factor for X x —/V is Ao ma P77

B.-Q. Ma, |. Schmidt, Phys. Rev. D 58, 096008 (1998).
@ a simple relation between the pretzelosity and the quark

orbital angular momentum

v 1(1)gv v v
L% (x,pL) = —h”(, ) (x,py)=h"(x,pL) — g (x.pL). (21)
or at the integration level

Vv Vv J_ ]_ |74 vV v
L) = [ dpuL™(x.pi) =~k D (x) = () - g (x)

@ A measurement of pretzelosity may reveal the information on
the quark orbital angular momentum.



The Melosh-Wigner Rotation in five 3dPDFs

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

giL [(xAp + my)? — p7]/[(xAp + mg)* + p7]
81T 2Mp(xAMp + my)/[(xAMp + mg)* + p?
hy (xAMp + my)?/[(xAMp + my)* + p?
hf‘L —2Mp(xAp + my)/[(xAMp + mg)? + ,DJz_]
hi — 2M3 /[(xAp + mq)* + p7]

mi+pi o X o
+ R RPN i

X 1—x



Lepton Scattering ----- A powerful tool

fepton:l®

lepton: |

ey
. q
!

{q .
&5 o~
e -~ W
Nucleon: P, M .
-

-~ —
- lepton:l’
- pren:

lepton:| e

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(xKT), .. h1(xKT)




Names for New (tmd) PDF: gir and h3;

g1T trans-helicity gy

hiLL longi-transversity / heli-transversity ##x

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 gi1 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

S7



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 7t p Drell-Yan process
Zhun Lu®P, Bo-Qiang Ma%*, Jun She®

 Deparmment of Physics, Southeast University, Nanjing 211189, China
b Departamento de Fisica, Universidad Técnica Federico Santa Maria, and Centro Cientifico-Tecnoldgico 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'->%

: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.



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

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.



Conclusions

The relativistic effect of parton transversal motions plays an
significant role in spin-dependent quantities: helicity and
transversity.

The pretzelosity with quark transversal motions is an

Important quantity for the spin-orbital correlation of the
nucleon.

The Melosh-Winger rotation effect is also important in the
new quantities of 3dPDFs or TMDs, such as g1 and h1;

It is necessary to push forward experimental measurements
of new physical quantities of the nucleon.



