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A Understanding of the proton spin puzzle/crisis from
light-cone formalism

A The quark orbitallangular momentum on the light-
cone

A Debates on.angularmomentum'decomposition:

1. Angular momentum decomposition from.a‘QED example

Tianbo Liuand Bo-Qiang Ma, Phy.Rev.[91 (2015 017501 arXiv:1412.7775
2. Angular momentum decomposition in.a:spectator model

Tianbo Liuand Bo-Qiang Ma, Phys.Let..B(2015 in press, arXiv:1501:00062

A Discussions and conclusions
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The Proton nSpl
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Why there Is the proton spin puzzle/crisis?

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

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

A The quark model gave thérth of QCDas a theory
for strong interaction

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



Many Theoretical Explanantions

A The sea quarks of the proton are largely
negatively polarized

A The gluons provide a significant
contribution to the proton spin

|l t was though t lcamotbehe spin
understood within the quark model: ii the lowest uud
valence component of the proton is estimated to be of

onl y a f e wR.LpJeffe aadeipkib, . O
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The parton model

A photon scatters incoherently off Emﬂfmum }
massless, pointlike, spiti2 quarks Frame

A probability that a quark carries fracti@rof parent
protorl. s momentum ig|(x), (0<x < 1)

7 F(9=8 i €xamax- ) =4 & xq)

\ , q.d
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=— xu(x) + = xd(x) + = xs(x) + ...
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the functions u(x), d(x), s(x), are called parton distribution
functions (pdfs) - they encode information about the proton & deep
structure

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



How to get a clear picture of nucleon?

A PDFs are physically defined in the IMF
(infinite-momentum frame) or with space
time on the lighicone.

A 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?

A What would be the consequence by taking
Into account the transversal motions of

partons?

A 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
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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

18



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.
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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));

XNT) = wllg +m)xHF) +¢" X (F)-



The Notion of Spin

A Related to the spagame symmetry of the Poincarégroup
A Generators P”=(H,P), space-time translator
J7" infinitesimal Lorentz transformatiol

—_—

J J :Eeijk J'  angular momentum
2

K Kk=Jgk boost generator

Pauli-Lubanski vertow, = % J°Pée, .

Casimir operator®®’ = P”P, =nf ma

w=w'w =5 spil
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The Wigner Rotation

for arestpartice i ,® p” (8 ¥ ®

for a moving particle l{p= 1 ,0) (G = (LP W n
L( p) =ratationless Lorentz boost
Wigner Rotation

g’ pm- _é’ pmi

e

si=R(LpPs pi=p
R(L,p) =L(p) LY(p) a pure rotation

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



The Lowest Valence State Wave Function in LighCone

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.



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, BQ. Ma, |. Schmidt, Nucl. Phys. B593(200]) 311
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The lowest spin states of a
composite system must
contain the orbital angular
momentum contribution.
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The proton spin crisis
& the Melosh - Wigner rotation

A 1t is shown that the protonis ptcni sor89ppnzztaaod
be understood by the relativistic effect of quark transversal

motions due to the Melosh-Wigner rotation.

A The quark helicity gq 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 qy measured in DIS

A qmis definedby Dgs, = @s|® | p. s
Dg =@s| @ gal ps
A Using lightcone Dirac spinors
l ~ b |
Dy ydxgq’ (%) 4%
A Using conventional Dirac spinors
Dg 5§’ pM, &0 (P a1 P
—2

_(p*p M
o2(py + p)(py M

Thus aeq 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

A s¢ = S in the rest frame
q

does not mean that

é §q = qu INn the Infinite momentum fran
q

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

Lorentz Boost
= Rw(A, p)S
Rest Frame Infinite Momentum Frame

>§=1S, x5 # 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.ChenF.Wang Phys.Rev.[»8:114032,1998

P.Zavada, Phys.Rev.[¥5:054040,2002



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 MeloshRotation

A () = ul(x) — ul(z) = —Far- (Wi () + Jas(z)Ws(z);

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

from {1-5'(1:) = 21{--,-;,(33‘) — {L,(LL‘);

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

we - Awlz)= [wolz) = 3du(@)]Ws(z) — gdu(z)Wr-(z);

Ad(x) = —2d,(2)W5(z).



Relativistic SU®G) Quark Model
Flavor Symmetric Case

Relativistic Correction: A, = 0.75

Au=3M, =1 Ad=—-1M, = —0.25;

N=Au+ Ad+ As=0.75
Fi(z)/F{(z) > 5 for all




Relativistic SU®G) Quark Model
Flavor Asymmetric Case

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

Fy{z)/Fi(z) — 1 at large ©

B.~Q. a4, Plys, Lett. B 375 (100G6) 320,



Relativistic SU®G) 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, [.Schmidt,
Eur.Phys.J.A 12(2001)353

Understanding the Proton Spin oOPuzzled with a New
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

I 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 s

S.J.Brodsky, M.Burkardt, and 1.Schmidt,
Nucl.Phys.B441 (1995) 197-214, p.202



pQCD counting rule

g, (=x"
p=2n1 2| B | B § &

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

AfiHel i city r et enThelelcidyofias pr e
valence quark will match that of the parent nucleon.



Parameters in pQCD counting rule analysis

In leading term

Baryon g, ¢, i

q q) s qs
p i d 1.375 0.625 0.275 0.725
B.- Q. Ma, |. 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

-!:E?QCD[,J'J = paral__.r',].
pQCD, . u’thl r) para . .
tdy (o) — 1 (.
f.!thl a |
_"‘-.n'.!pQCD N _"‘-.n'.!thl T ||! para, (x)
o uthl r) Y o
A IDQCDI' rl = _Mfthl ) para T)

» 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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Y.Zhang, B. - Q. Ma, PRD 85 (2012) 114048 .

The proton spin in a light - cone chiral
guark model
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An upgrade of previous work by including Melosh-Wigner
rotation: T.P. Cheng and L. F. Li, PRL74 (1995) 2872



