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It has been 20 years
of the proton “spin crisis™ or “spin puzzle™

e Spin Structure:

> =Au+Ad +As ~0.020

v

> =AU+Ad +As=0.3

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



The first stage of experiments

e Non-zero strange spin constribution

AU =0.750
Ad =-0.511
AS =-0.218

> =Au+Ad +As ~0.020

A large strange spin contribution?



The Ellis-Jaffe sum rule & Its violation

AP = j dxgP(x) _—[4Au+ SAd +;As}

* Neutron beta decay and isospin symmetry

u-—Ad :&:1.261
G,

e Strangeness changing hyperon decay and SU(3) symmetry

AU+ Ad —2As=0.675

« The assumption of zero strange spin constribution AS = ()

The Ellis-Jaffe sum Aip — I: dxglp (x) =0.198

However, what EMC measured Aip — I: d)(glp()() —0.126



A previous global fit:
SU(3) symmetry+measured 91 i

Au =0.83+0.03
Ad =-0.43+0.03
As =-0.10+0.03

>=Au+Ad +As~0.3

The second stage of experiments.



The third stage of experiments:
g’ 9, +semi-inclusive DIS process

Au =0.5991£0.022 +0.065
Ad =-0.280+0.026 £ 0.057
AS =0.028 £0.033+0.009

>=AU+Ad +As~0.347+0.024 +0.040

HERMES Collaboration, PRL92 (2004) 012005.



The Proton “Spin Crisis”

> =AU+Ad +As ~0.3

In contradiction with the naive quark
model expectation:
Narve Quark Model:
Au=3% Ad=-3 As=0
N=Au+Ad+ As=1
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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



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 Aq 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



The Notion of Spin

» Related to the space-time symmetry of the Poincaré group
e Generators P*=(H,P), space-time translator
J*" infinitesimal Lorentz transformation

—

1 )
J- :Egiij ' angular momentum

e

K Kt=J1% boost generator
Pauli-Lubanski vertor w, = 1J rPYe
2 vpou

Casimir operators: P* = P“P, =m* mass

2 M a2 .
W =W Wﬂ =39S 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
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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

XN(T) = wl(g™ +m)x"(F) — ¢"xHF));

T = w[(g + mH(FY + gEx T (FY].
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What is A g measured in DIS

« Aqisdefined by Ags,=(p,s|qy,ralp,s)

Aq=(p,s|ay'7sa]p.s)
e Using light-cone Dirac spinors
_ oy ol
Ag=[ dx| q"()—q"(x) |

e Using conventional Dirac spinors

Aq=[d*pM,| q"(p)—q*(p) |

—2
_ (Pt ps+m)°—p,
2(Po + P3)(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

q
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A general consensus

The quark helicity A g 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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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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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
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The Spin Distributions in Quark Model

The spin distribution probabilities in the quark-diquark

moclel
| 1. b 2, 4 _ 2 | .
H--[-—l—el_._ Uy = 1a: d_ﬁ d'i = g:
UE':% u%-=0_ dL. =0 d“gu: (7)

Narve Quark Model:
Au = Ad = —%_:_ As=10
N=Au+Ad+As=1

3]
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Relativistic Effect due to Melosh-Rotation

Aw(z) = ul(z) — ul(z) = —Far (X)W (2) + as(x)Wsla);

Ady(z) = dl(z) — di{z) = —gar-(z)Wi-(2).

from ﬂ-S(LF) = 21{--;;(;11') — {ii,(;]:?)_:_

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

We obtain  Au,(x) = [uuz) — 3d.(2)]Ws(x) — do(x)Wr-(z);

Ad,(x) = —2d,(x)Wi-(z).
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Relativistic SU(6) Quark Model

Flavor Symmetric Case

Relativistic Correction: A, = 0.75

Au=3M,=1; Ad=—-1M,=—0.25;

= Au+ Ad+ As =0.75
F(z)/F{(z) > 5 for all
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Relativistic SU(6) Quark Model

Flavor Asymmetric Case

Relativistic Correction: M, ~0.6; Mz~ 0.9
An — %ﬂ-{” =08; Ad= —%ﬂf;fd = —0.3; As=10
Y= Au+ Ad+ As = 0.5

Fy(z)/Fi(z) — 1 at large &

B.~().A[a, Plys. Leat. B 375 (19967 320,
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Relativistic SU(6) Quark Model

Flavor Asymmetric Case + Intrinsic Sea

For Intrinsic dd Sea (~ 153%):  Adey =~ —0.07
For Intrinsic s3 Sea (~ 3%):  Asge, = —0.03
Thus: > = Anu+ Ad+ As + Adaey, + DSy =2 0.4
S. . Brodaly anwd B-QAIa, Pls Lot B 381 (1096) 317.

More detailed discussions, see, B.-Q.Ma, J.-J.Yang, |.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
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A relativistic quark—-diquark model

22



A relativistic quark—-diquark model

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

glr) = r':'ng[.rj + r:; ay(x),

where ap(x)is
ap(r) o / [*k J|o(x, k)[* (D =SorV),

#» BHL prescription of the light-cone momentum space
wave function for quark-diquark
. 2 k:& 9 ).
ol k)= Apexp {— 31_} [f”q T + m_f i kL} } .
£ — .

E“::rt};,
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Ma, Phys.Lett. B 375 (1996) 320-326.

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

A relativistic quark—-diquark model
# longitudinally polarized quark distribution
Aq(z) = & as(x) + & av ()
where
ap(x) = /.[”2 k JWp(x.ky)|é(x.k1)]” (D=5SorV)

» Melosh-Winger rotation factor

Longitudinally polarized

(Bt 4+mg)° — kj

Wplr. k| ) = - 5
24 L) (kt + Mg ) + kl

‘ 2 L2 2 2
where " = x M, M? = ”i't;r"Tl‘-J_ + HJD—l—kJ_.

1 |



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 I.Schmidt,
Nucl.Phys.B441 (1995) 197-214, p.202
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pQCD counting rule

g; oc (1—x)°
p=2n-1+2]|As, | AS, =S, — S,

e Based on the minimum connected tree graph of hard
gluon exchanges.

o “Helicity retention” is predicted -- The helicity of a
valence quark will match that of the parent nucleon.
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Parameters in pQCD counting rule analysis

A 1
In leading term (" = i X 2(1—x)°*

3
DI
ql - _qlx ’ (1_ X)5
B5
Baryon g1 q, A 7 C 7 A 7 fj’,:g:
D u d 1.375 0.625 0.275 0.725

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

27



Two different sets of parton distributions

#» SU(6) quark-diquark model

Ay (2)=[uy(x) — l}u"l, (x)|Wg(z) — [lrfu (x )Wy (a).
& )

I
Ady(z) :—_—iu"u (2] Wy ().

# pQCD based counting rule analysis

-!!EC}CD (o) = “Eara[ .
IpQCD, B u’t.;.h (r) para, .
g I.-;l .I = _EILI |I.i' I|.
il Eh (o)
A ot
ﬁ.f-!EQCD[ Ty = —iw” =) ”Eara (),
' .!..rtt.h () o
_"H.:J"pQCDI I = —r_\“ftlh \z) -!!Fjara (x)
’ o B .'.!t (] ! o
J I Sl

#» CTEQSb set 3 as input.



Different predictions in two models

E A7 [HEREES|
0B . giF IS

neb = 3FLak)

B Helicity distribution naf
#& SU(6) quark-diquark ™y B0 17
= = I:I- F
model:
' -0.2 — giF [BUEE])
i"l..!JI:.._I'.:I_I:'-|'.!I:_\.|'_:| — | as o — gF} [P
r — 1.
R 06
Ad{x) u"I T) — _.’ll as 007020504 0505 07 09 03
r— 1.
# pQCD based counting " ~

rule analysis:

Au(x)/u(z) — 1 as
r — 1.
Ad(x)/d{xr) — 1 as
r — 1.

1] E o b lun il |
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W= production at RHIC

Parity-violating asymmetry

oL —O_ 1 N,_—-—N.
A = — s . A= —=—x _T —
oy +o0_ P f\+ + N’

The maximum parity violation of 11" bosons.
ud — W+ and aud — W,

At LO, the parity-violating asymmetry will approach
Aq(x)/q(x) when the rapidity of 77, 4y, is large.

C. Bourrely, J. Soffer, Nucl. Phys. B423(1994) 329
30



One of the possible leading order production of W production.

Proton helicity="+" Proton helicity="-

wt  uZ(w)d(xg) —ui(z)d(r2)  Au(a)

—_— % E3 —_ . =y — II.-
u_ (a0 ’]{H.E'jjl 4 u (@ J]rff_f.r'-g?; wlay )

gt _ Auz)d(rz) — Ad(a)u(xs) vy = My uw

HI;.I‘] Irjllri I -+ rjr[l,rl | (o | Y =

2

Ad(x)ulxo) — Aulx)\d(xo) e /8
L1 D Cayliapisy LY
| —+ -ﬁ[;.."| 'jln‘r[;,r-;: |

d(xqy)u(x

e
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X. Chen, Y. Mao, B.-Q. Ma, NPA A759(2008)188
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The Melosh-Wigner rotation
IS not the whole story

e The role of sea is not addressed

e The role of gluon is not addressed

It is iImportant 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.

33



Chances: New Research Directions

 New guantities: Transversity,

Generalized Parton Distributions, Collins
Functions, Silver Functions, Boer-
Mulders Functions

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

34



What Is transversity?

Three fundamental quantities of quark distributions

- @

., @ - ©—
6 &
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The Melosh-Wigner Rotation in
Transversity

20g=(p.Tlq,y v q_,Ip.1)
5q(x) = f[dk | M, (x.k ) Agre(x.K )

. (k*+m)’
M/(x.k,)= ——
(KT+m) + k7

|.Schmidt&J.Soffer, Phys.Lett.B 407 (1997) 331
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Transversity with Melosh-Wigner rotation
In the quark-diquark model

1 : 1 :
1, (x)— 5 d,(x }} Welx)— gdu{ﬂ WiAx),

ou,(x)=

1

5d (x)=—=d,(x) Wy(x).
a

B.-Q. Ma, I. Schmidt, J. Soffer, Phys.Lett. B 441 (1998) 461-467.
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The transversity in pQCD, in similar to
helicity distributions

A C
a:I(X) Aq X( 1/2) (1 X) —q X(—1/2) (1_ X)S
3 BS
44 ’ Cay A s Cya Ay | Cq | Ag Cyo

1.375 ]| 623 ) 0275 | 0723 32| 048 | 0305 | 0.695

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




Transversity in two models
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SU(6) quark-
diquark model

pQCD based
analysis
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Collins asymmetry in semi-inclusive production

1 dGS-?“ins
S, | do,, After integration over specific weighting functions

A(J:ollins _
T =

(1-y)2, &da(x)H; P (2)
(1-y+Yy*/2)), e;a(x)D/(2)

q(x) unpolarized quark distrtion

() transversity

D, (x) unpolarized fragmentation function
Hli(l)q (X) Collins function

A(X.Y,2) =~
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Two sets of Collins functions
Set |

AP (z)=C,z(1-2)0" (2) KW (2) =C,z(1-2)0" (2)
C, =-0.29+£0.04 C,=0.33£0.04

Set ||

"W9(2) = C,2(1-2)07 (2) Ko (2)=C,2(1-2)d" (2)

fav

C,=-029+002 C,=0.56+0.07

W. Vogelsang and F. Yuan, Phys. Rev. D72 (2005).
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Prediction for HERMES with only favored fragmentation

A_0.1
0.0
0.1

0.2t
-0.3¢

Y. Huang, J. She, and B.-Q. Ma, Phys. Rev. D76 (2007) 034004.

V801 02 'x[:}.'a 04 05

ATD.‘I

0.0

-0.1¢
0.2+
-0.3f

04557 02 03 02 05

X
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Including unfavored fragmentation in HERMES condition

A 010 A0.10——
m oo
0.05¢ _{ 0.05t
N S B | set |
0.00 f .00+
e
-0.05/ -0.05} “]*————-__]I___ B
0185071 02 'xcr.'s 04 05 80071 02 K 03 04 05
0.10 0.10
A, E AT -
0.05} 0.05} ol
T ISR S i Sé
0.00 f;'” = TL 0.00f {
N
0.05| 005 r_______________l___
""""" 8o o7 nfg};nia 04 05

Y. Huang, J. She, and B.-Q. Ma, Phys. Rev. D76 (2007) 034004.



Prediction in JLab condition (proton target)

A 0.15F
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Prediction in JLab condition (neutron target)
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Transversity
from two pion interference fragmentation

R

et ()] dg P H (2.4 M)

> et (x)jdaDl (2.4, M)

(2sin(gg +¢s )/sin6)
T

New fragmentation functions are introduced: the dihadron
FFs, including the chiral odd interference FF.

e Jaffe, Jin and Tang, PRL 80, 1166 (1998)
e Radici, Jakob and Bianconi, PRD, 65, 074031 (2002)
e Bacchetta and Radici, PRD 74, 114007 (2006)
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sin(¢,+o.)sine

Prediction on the proton target
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HERMES

COMPASS

Prediction on neutron target
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J. She, Y.Huang, and B.-Q. Ma, Phys. Rev. D77 (2008) 014035.
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The Melosh-Wigner Rotation in
Quark Orbital Angular Moment

ot -

ed i
—k

r}ft'g . r}kl .

q

.f. :_j[jf-l

Lq{.f‘f )= J [dszl]ﬁf‘;l_'f{.:\'.kl l.l{:fgui*t'kl )

2
ki

ﬁfﬁ“fkl}z -
(Kt +m '}-—I-ki

Ma&Schmidt, Phys.Rev.D 58 (1998) 096008
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Three QCD spin sums for the proton spin

= : )y . |
Jocp = / f‘Iarr:f{.-'i!T5*{;‘) + / At T < (—iV)
+ / PrE® x A ¢ / PrE"F x VA"

=S, +L,+S,+ L,

— . N . . ~ .
Tocn = / Pt S0+ / Brt T x (—iD) + / B x (E x B)

qu—l—ﬁq—kj;__

—

- . b3 . L=
Jocp = / r'i“]':f:fz.,.-'i!TEf{..-'i! 4 / Pt T x (—2Dpure )V
+fr.£3:I:Ea X *’i,ghys + /f!gff:Ea‘i:f X Vz4;;1y3

=S, +L,+5,+ L,

X.-S.Chen, X.-F.Lu, W.-M.Sun, F.Wang, T.Goldman, PRL100(2008)232002
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Spin and orbital sum In light-cone formalism

1 1
Efbfq‘FﬂifL:E
(kT +m)?—k] . . ki
(v )= M;(x.k )=
Mlek) (kT +m)*+k; e (k*+m)*+k]
L o1 o
Eﬁ{{{r}‘FLq{I}:E.&QQM{T}

Ma&Schmidt, Phys.Rev.D 58 (1998) 096008
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Relations of quark distributions

Agopx)+Ag(x)=20q(x)

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

L o1 o
Eiq‘T}—I_LE}'{ﬂk.}:EiqgﬂfiTL

Aq(x)+L,(x)=dq(x).

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

53



The Melosh-Wigner Rotation in
“Pretrelosity”

gi(x, k1) — hi(x, k1) = hf‘jﬂl}q(m,kL) :

(kT +m)* — k3 (Kt +m)? k5

(Ft+m)2+k2 (Bt +m2+k>  (kt4+m32+kd

Pretrelocity = Aq — oq = —Lg

k?
Pretrelocity = — /[{lgkL] [ L Aqom(x, ki)

<t 4+ m)? + k2
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“Pretrel” or “Brezel”
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“Pretrel” or “Brezel”

o 0k

Original
ig
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“Mahua(k{t)":

the Chinese Preztel

57



What is “Pretrelosity” ?

@ Pretzelosity: one of the eight leading twist transverse
dependent parton distributions (TMDs).

@ T he quark-quark correlator up to the leading twist
1 e/ pi 5/
d(x,pp) = —{_f1ﬁ+ - f1T LML LFH
S 5. ﬁ+]":r’5
M

sy + PSP Bl gy v L )

P.J. Mulders and R.D. Tangerman, Nucl. Phys. B 461, 197
(1996), Erratum-ibid. B 484, 538 (1997). K. Goeke, A.
Metz, and M. Schlegel, Phys. Lett. B 618, 90 (2005).

+(S)81L + P gi7)ysh, + it
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What is “Pretrelosity” ?

8 déd? , _
PJ_Pj/_ h- (X?p2) _ / 616W3£L e:(xPJrﬁ —p,€1)

X (PSY|3(0)ioctse(0, £, £, )|PSY), (12)

|PSY): the hadronic state with a polarization in the y direction.

@ Some properties of pretzelosity:

1 It is chiral-odd, and needs a chiral-odd partner in the SIDIS.

2 There is no gluon analog of pretzelosity.

3 In a large class of models, it is the difference of helicity and
transversity, and hence a measure for relativistic effects.

H. Avakian, A.V. Efremov, P. Schweitzer, and F. Yuan,
arXiv:0805.3355.
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A Simple Relation

e T he difference of helicity and transversity is the first moment
of pretzelosity.
2
Pl thv

hi(l)qv( , qv

17

@ [ his relation has already been obtained in
H. Avakian, A.V. Efremov, P. Schweitzer, and F. Yuan,
arXiv:0805.3355. B. Pasquini, S. Cazzaniga and S. Boffi, Phys.
Rev. D 78, 034025 (2008).

@ But this relation is not fully satisfied in
A. Bacchetta, F. Conti, and M. Radici, Phys. Rev. D 78,

074010 (2008).

X.pL) = M2 T (x.pL) =g (x,pL) = h{ " (x.pL):
N
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Connection with Quark Orbital Angular Momentum

2
. — A WA PJ_
@ The rotation factor for x x —/V is O

B.-Q. Ma, I. 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) — & (x.pL),(21)

or at the integration level

L (x) = / d?p L% (x,py) = —h1 ™ (x) = b (x) — g (x).

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

Pretzelosity can be measured through sin(3¢, — ¢s)
asymmetry in the SIDIS process, where the cross section can
be written as

d®oyrt 202 1,
dXdyd@SdZdzphJ_ Sxy2{( Y + = ) uu

2
+Susin(30p = 0s)(1 = y)FGr " 4 (23)

with Fuy = Flu1fiDi], Fp?™%) = FloahirHi)
The sin(3¢), — ¢s) asymmetry

20 sin(3¢p—¢s)
Asin(Bq}h—fpS) _ sxy? (]‘ o y)FUT

UuT _ o
20—y +1y2)Fuy

sxy2

(24)
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Quantities in Calculation

@ DFs and FFs to be parametrized:

x dependence =z dependence TM dependence

fi well known — not so clear
hit not known — not known
1T
Dy — known not so clear
Hi- — a little known not clear

@ [ heoretical understanding: non-perturbative, model
calculation, cannot give the exact value so far.

@ Transverse momentum dependence: not so clearly yet, usually
parametrized in a Gaussian form.

o D; and Hi-: Gaussian parametrization given by
S. Kretzer, et al., Eur. Phys. J. C 22, 269 (2001).
M. Anselmino, et al., arXiv:0807.0173.
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Approach 0 to TMDs

@ Starting with the equation

1 (uv uv L (v A I (dv ~
R0 = 660 90| s - 64 00 ),
1 (dv 1 _(dv 5

m*(x) = KN )Wy (x). (25)
where Wp(x) = [ d’p, o(x.p, )Wn(x,p.)/ [ d’p, £*(x.p.)

o f1(x): CTEQ6L as an input.  his(x): from Eq. 25

@ Transverse momentum dependence: Gaussian form.

@ How to fit the Gaussian width? p,, /k,, =~ 27
H. Avakian, A.V. Efremov, P. Schweitzer, and F. Yuan,
arXiv:0805.3355.
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Approach 1 to TMDs

@ Model calculation.

(x,p.) = 1;%3><0§5m29w%%—aE29w§L
fl(dv)(x: PL) 83?3 X %sm va
P pL) = oy X (g sin® 0h Wy — cos? O W),
h#dﬂ(}c. p,) = 8?1T3 X %sm 9oy Wy .

e vp(x,p): adopting the BHL form:

2+RL m%+Pi
1 —x

folx.p) = Averpl gy N .

J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008
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Approach 2 to TMDs

e Staring with the equation (an unintegrated version)

1

1 (uv uv dv
) = [ = 3% 0p )| Watrp,)

1 dv
_Efl( )(X.- p)Wyv(x.p,).

L)

1 (dv
() A

T (xapL) = (x,p ) Wyv(x,p).

o fi(x,p): a Gaussian form

2 /.2
exp(—p3 /P2,
fl(x_.pJ_) — fl(X) (’Tpé_ )-.

with CTEQ6L parametrization for f1(x).

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

(27)

(28)
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i (x) and £(x)
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Figure: The ratio th () /fi(x). Left panel for approach 0 and right
panel for approach 1 (thin curves) and approach 2 (thick curves). Solid
curves for the u quark, and dashed curves for the d quark. Only valence
quarks are considered.

J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008
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Results at HERMES kinematics.
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Figure: The results for HERMES kinematics with a proton target. Left
panel for approach 0 and right panel for approach 1 (thin curves) and
approach 2 (thick curves). Solid curves for the 7" production, and
dashed curves for the 7~ production.
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Results at COMPASS kinematics.
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Figure: The results for COMPASS kinematics. a) proton target, b)
neutron target, and c) deuteron target.



Results at JLab kinematics.
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Figure: The results for JLab kinematics. a) proton target and b) neutron

target.
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A short summary

@ Results are sensitive to different transverse momentum
approaches.

@ [ he asymmetry is not an increasing function of x.

@ The asymmetry is too small, up to a maximum less than 1%.
A great challenge for a direct measurement.

@ Can we enhance the asymmetry? We observe that the
asymmetry is an increasing function of pi, but pi cannot be
manipulated directly.

@ A compromise method is to select large Pp| events instead,
Pri =z(p, —ki). We can exclude most small p; events.

@ We will recalculate our results with a cutoff Py, > 1.0GeV.

71



HERMES results with a cutoff.
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Figure: The results for HERMES kinematics on a proton target with a
cutoff Py, > 1.0 GeV, while the right panel shows the P}, dependence
of the asymmetry after integrating all the other kinematic variables.
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COMPASS results with a cutoff.
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Figure: The results for COMPASS kinematics with a cutoff
Pn, > 1.0 GeV. The upper, middle, and lower panels correspond to the
proton, neutron, and deuteron target, respectively.
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JLab results with a cutoff.

Figure: The results for JLab kinematics with a cutoff Py, > 1.0 GeV.
The upper and lower panels correspond to the proton and neutron target,

respectively.
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@ [he TMD factorization was proved to be valid only in the
region Aqep < Php < Q.

o If Pp1 ~ Agep and Q2 is too large, a higher order pQCD
correction (the gluon radiation) will be important.

@ T his transition point is around Pp; ~ 1GeV.

@ We must be careful and we assume that our results at a little
larger P}, but not too larger than 1GeV are still acceptable.

@ Another problem: the events will be exponentially suppressed
at Pp1 > Aqcp. a challenge for the experiments to collect
more data.
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Conclusions
Relativistic effect of Melosh-Winger rotation is important in

hadron spin physics.
Transversity is being accessed in SIDIS and two pion
Inteference fragmentation processes

The unfavored Collins fragmentation plays a surprising role
to reproduce the data, than naively expected.

The preztelosity is an important quantity for the spin-orbital
correlation.

New way to access quark orbital angular momentum is
suggested.
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Pion Spin Structure and Form Factor

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

[1] T. Huang, B.Q. 3a, and QXL Shen, Plgs. Rev, D 49, 1490 (1994).
[2] B. <. 2. Z. Phve. A 345, 321 {1993).

[3] B.Q. 3a and T.Huang, J. Phys G 21, (763) (1993).
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Pion Spin-Space Wave Function in Rest Frame

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

function of pion is

xr = (xd = b /v2,

i1 which )(!H’ are the two-component Pauli spinors.
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The Lowest Valence State Wave Function in Light-Cone

[y >= ok DI (e k4 )]
i,k D] S el Ky ]
where
’tr.-'ff'(;'l?E ]:(_E )kh /\g) = C({(.L‘ k_.} Alﬁ Ag)gﬁ(;m k_)

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

light-cone formalism.
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The Spin Component Coefficients

The spin component. coefficients C3 have the forms,

C§ (xsq. 1)) = wrwsl(gi +m)(gs +m) = ]/v2;

Ci (2,q. 4 1) = —wrws[(gT + milgg +m) — *]/V2;
Ci(z,q. 1) = wrwe[(gr + migd — (g5 + m)gh]/v2;

Cy (2,9, 1) = wrws[ (g1 + m)gd — (g7 +myqfl]/v2.

C4 satisfy the relation

E)._l,)&z C{(i’? l'L_E )\.1E AQ)C{(._B k_;, )q, /\g) — 1,
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