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1. Introduction
After 20 years of theoretical and experimental efforts, we now believe
AY ~ 1/3

What carry the remaining 2/3 of the nucleon spin

1 = EAZQ 4+ L9 4+ g9 [controversial questio}1
2 2 N

gaugeinvariantly decomposabiato Ag andr9 ?

A Most people believe that the polarized gluon distributidp(z) IS an
observablguantity from polarized DIS measurements.

A On the other hand, it is often claimed that ther®igaugenvariant
decompositiorof J9 intoAg and’9
ags
There isno gaugeanvariant local operatazorresponding to
the1st momenof Ag(z) inthe standa@PEframework !

A Because the gauge principle is one of the most important principle of physics
which demands thamly gaugeinvariants can be observdibw to reconcile
theseconflicting observations a fundamentally important problem !



Two popular decompositions of the nucleon spin

Jaffe-Manohar Ji
common
LAY
e
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Each term is not separately gatigeariant! ~ No further decomposition off9 !



New gaugenvariant decomposition by Chen et al.

X.-S. Chen et al., Phys. Rev. Lett. 103, 062001 (2009) ; 100, 232002 (20(

The basic idea

Ak
AF = A Al
with
F]ﬁif;e = o Apure 8VAgure_ig[A§urea pu'r‘e] = 0
and
Al (@) = Ua) Ay (2) U (a)
pure(m) — U($)< pu’re(x)__aﬂ) U_l(x)
Answer 7

1
Joop = [ ¥ Zypdis + [w“:cx(p—gpre)wd%
+ [ B x Ay, P + [ B (2 x V) A, &
Sh'q + L!!q _l_ Sﬂg _l_ LHg

A Each term is separately gadigeariant!
A It reduces to theaugevariantJaffeManohar decomposition insecial gauge

Apufre — 0, A . Aphys



In a recent paper (M.W., Phys. Rev. D81 (2010) 114010), we have shown that 1
way of gauganvariant decomposition of nucleon spin is not necessarily unique
and proposednother gaugevariant decomposition

Jocp = S + LT + S§Y + LY
where 1
qg — T 3
§1 = /?,b ~Syds
L1 = /wa(p—gA)wde

SY = u/‘lﬁa X Alps d

/

phys

L9 — /Eaﬂ(me)A Bz + /p (@ x A%, ) d3a

A Thequark parof our decomposition is common with thiedecomposition

A Thequark and gluon intrinsic spin pagee common with th€hen decomp

A A crucial difference with the Chen decomp. appears imthigal parts

LI-L'" = —(L1—1L") = /pa (x x A%,) d3r «—

= *“potential angular momentum”’

The QED correspondent of this term is thieital angular momentum carried by
electromagnetic fieldappearing in the famoleynman paradax his textbook.



Usingsolelygaugeinvariant naturef thepotential angular momentutarm
[ owx A e = g [ wlex Ay vds
one is free to include it into the quark OAM part, which leads to the Chen deca

L?(Ours) + potential angular momentum
/ ¢T$ X (p—gA)?j)d,B’zU + g / Q/)Tm X Aphy3¢d3$

- / Yla x (p— g Apure) 1 d>a = L"(Chen)

We do not recommend Cheno6s decompos
electrodynamics tells us that theomentum appearing in the equataimotion
with the Lorentz forcds the sec a | Hymainmicdl momentut I1

d?x dIT

II = p—cA, ‘mm — E = Florentz

with thefull gauge field  n o tanonhitakemormentum

p
or its nontrivial generalization

pP— € Apure



Since the quark part of our decomposition coincides with the Ji decomposition,
we can f o l-khosvmvprogirano tewans &ull nlucleon spin decomposition.

A First extract(J?) an@J9) througRD analyses

A Next, extract the quark and gluon polarizatity Ayl thpmighzed
DIS measuremenand identify them witf SY) andSY)  in our decomp .

A Then, the quark and glu@®AM can be known bgubtracting(S%) and(S9)
from (J9) andJY)

What was lacking in this IS a rigorous proof of the identification

(S & Ag 7

This problem is of fundamental importance, especially because we are aware
of the widespread statement that thereitsgaugeaenvariant decompaosition

of JY , and that there i® gaugeanvariant local operatarorresponding to the
1st moment ofAg(z) |



Another important problem is as follows :

Sinceourgauge nvari ant decomposition (as
was givenn a particular or fixed Lorentz frammwe could not give a definite

answer to the question whether our decomposition hasraindependent
meanincor not.

The confirmation of framéndependence is very important. Otherwise, the
decompositiorcannot be thought to reflect aririnsic property of the nucleon

4

We will show that these two questions can be answered simultaneously, by
making full use of a gaugavariant decomposition of

covariant angulamomentum tensasf QCD

In anarbitrary Lorentz frame



2. Gaugeinvariant decomposition of covariant angualaomentum tensor

QCD energy momentum tensorJaffe and Manohar

THY = Té‘“’ -+ Té’“” with THY =T"F 9, TH" =0

where 1
T = _4(4MiD" 4+ 47iDM)y,
1
TH = 2Tr(FHFY — ZgWF?)

QCD angulaimomentum tensor

MM = gV THN — AT with  §,M** =0

An important property ofp/#v» is that it hestotally antisymmetric patti.e.

W\ MM = 0

Capv

or equivalently

M,ul/)\ 4+ M)\w/ 4+ Ml/)\/,t — 0



It is known that, by using the identity

P (a’y — aty)iDMy — Pt (2¥iDY — 2MiDY)y
1 7. 1 £ L L/ o

= "M hygysp — Edu-[(:c ehrP g Py hygyg 4]
Thequark parof M** cangaugeinvariantly be decomposed as

L/ 1 L/ - o L/ - » 174
M = e Mbysvsy + Pt (2¥i DY — 2t iDY )

up to a surface term
On the contraryijt is widely believed that theluon pariof AzHYA

, 1
M = 2Tr[a" FFF) — 2 FFYFY] + ETer[myg“”—x}‘g”A]

cannotbe gauganvariantly decomposed into the intrinsic spin and OAM parts.



Somewhat surprisingly, however, by following a similar idea as proposed by Ch
et al.,we can make it The starting point is the decomposition of gluon field

AF = A"

phys + APUTG

Here, we impose only the following conditions.

W _ v v — _
F[ﬁw e = o Apure 7 Agure tg [Agurea pure] = 0
and

Al (@) = Uz) Ay (2) U™ (=)

Agu're(x) — U(z) ( pure(x) _5 8“) U_l(x)

A As a matter of course, these conditionsrareenough to fix gauge uniquély

A However, the point of our argument is that can postpone a complete
gaugefixing until later stage, whilaccomplishing a gaugavariant
decompositioof M based on the above conditionis.



Because of the limitation of time, | skip here tedious intermediate steps and wr
down the final answer. We can show that (M.W. , arXiv : 1007.5355dhgp

A VA LU LUV VA
MH? = Mq—spm + Mq—OAM + Mg—spin + Mg—OAM
+ M&Z)S‘t + total divergence
where
M,ur/)\ _ 1 UUAo T
MgngM = Py (2¥iD — 2iDY)
UV _ A A
Mg_spm = 2Tr[FH" ;hys — FHY AphySL
A A A h
MngAM — _QTr[Fﬂa(xprure - X Dgure)Ag ys]’
A A
F2Tr[(Da F*) (2% AN,y — o A% )],

1
M,u;!/)\ — —ETI’FQ(LBUQMA . J;)\g,uu)



Check of gaugenvariance

UV A UV A
Mq spin’ Mq—OAM

However, since

hys — A zgph
APMYS = gh APhYS

;DUTE =

— (U AW UTL)

trivial
almost trivial

less trivial

19 [ Apurea Aphys]

_ %Q[U(pre

£t
8’\)U LUyt

= U("AY — ig[ A, Agﬁw])U-
= U Dﬁwe Aphys =1 covariantly transform
one finds
2 _ A h
M:—OAM o _2Tr[Fua(mVDpu’F€ - T D ure)Ap ys]’

4+ 2Tr[( Do FU) (2" A
— Invariant

phys — T Aphys)]



Incidentally, if one includes thgeneralized potential angular momentum term
2Tr{(Da F*") (2" Apyys — 2V Al ) b = —g0yH (a” Ay — 3™ ALy ) 1)

Into thequark OAM partone gets aovariant generalization of the Chen decomp

1 -
MI.U,I/A — 5 E_,LLU)&O' ,l'b ’YO‘ 75 ’l,b
T A
+ Qxbf}’u(my?’meP - T ?’D;’urﬁ)w
A
-+ 2TI’{F'U3 phys — F“UAphys}

— 2Tr{ F' (2" D}ype — 7 DY) ARMYS )
1
_ ETrFZ’(g;Vgu)\ — 2" ¢g"™) 4 total divergence

each term of which is also separately gauge invariant.

not recommendable decompositfoom theobservational viewpoirit



3. Frameindependence of our nucleon spin decomposition

nucleon spin sum rule

NN+

(P,s| M°12| P s) /(P,s|P,s) equal-time quantization

(P,s| MTY2| P, s)/(P,s|Ps) = light-cone quantization

or, alternatively
1
(P.s |WWsu|P.s) [ (P.s| P.s) = 2

where
1
WH = _— ENQB'}’J 3 P’y with JCkﬁ — MOC@
2VP? v
Is thePaulrLubansky vectosuch that
Whs, = J-P = J-P/|P| : helicity operator

[ We need nucleoforward matrix elemeraf MY }




1 _
(A) quark spin part M“f)‘ n = 5 YA 1 e s 1

(Pos| MM (0)| Ps) = Ma{® s,

ago) - flavor-singlet axial charge

At the quantum Ievel,ago) Is factorization scheme dependent !

(O) = Agq . MS-scheme
O

Aqg — 2ny (a )Ag . AB-scheme
41

Without loss of generality, we can choo3¢ S -scheme

Il then

(Ps| MM (0)| Ps) = MAg e s,



(B) quark OAM part: MgngM
We make use of the fact that the forward matrix element of
MM Mg) = 2¥ OM*Ma2) — 27 O*(2)

can be obtained by the limiting procedure

0 A A
P, s MMAQ)|P.s) = lim '—<P’ = sl o*\o ‘P——.s> — (v & A
(P.s| MPNO) [ Prs) = lim i< (P4 2| 0040) [P s) = (v 6 )
Note that
UV _ UA N A MY
with

04" = $a"iD"
0’2“’ Is different from the quark part of QCD energy momentum tensor
1 - .
Ty = Sy iDy

only by the effect ofymmetrizationn the indices p, v



Nonforward matrix elements (Shore and White)

| A 2 By(A?)
TI"(0) ‘P—E,s> = A8 prpr 4+ 20

+ Cy(A2) M2 g™ + 0(A?)

A y
<P + 55 o P{'MEU}G"dg Sabs i Ay

a By (A2 )
OEW(O) ‘P_ E-_.S> = Aq(&z)pﬂ P!-*‘ + G’( )P{H EU} afo Su'?:"llf’-j’i&a

A
P4+ —,s
< ¥ 2 2M

By(A? f.
-I- % P[H EIJ]H,JJ Sa Pj'i &u _|_ M D”( &2) E,u..u{r_.-j 5(1-3. .ﬁg

+ Cy(A%) M2 ¢ + 0(8%)
With use of the identity

VA AUy U RN N AV
qu :L‘Tq—xO2 z” O5

1 _
4 EEW)‘U;D%%@D + total divergence

we can prove that
By(0) = 0, 2Dy(0) = Ag



Summary of quark spin and OAM part

(Ps| MP")(0) | Pis) = M Aqe™ s,
Bq(0)

2M
— M Age™ s,

(P.s| ME"3 11,(0) | Pys) PHAYAB 55 — (v X)

Note that theotally antisymmetric termare exacthcanceledn thesum

By(0)

(Ps| MY (0) + MEYS 11, (0)] Prsh = =202 Pl 55— (v 5 )

q—spin

In consistent with the symmetry argument by Jaffe and Manohatr.

It can be shown that

B¢(0) = Jg; = total angular momentum of quarks
I

A%5(0) + B3,(0)



(C) gluon spin part: M“”?pm ( most controversial pat)

We need to know the forward matrix element of

4+ FVH A}\

MY = 2T [FFAAY, o — FRAY ] = 27Tr[FH Ay phys]

g—spin phys phys

We emphasize that this operatog#igeinvariantso that it is delicately different
from thegaugevariantcurrent

M{Lg”))‘(spm) = 2Tr[FH AY 4+ FYH AN
which was naively identified with thgduon spinin JaffeManohar decomposition

According to Jaﬁe and Manohar, the analogy with the quark part would have le
to expect MW (spin)  tobe

eﬂ-"’*{’ﬁg = 2Tr[F A 4+ AVFM 4 ANFV] 4 2igTrAM[4Y, AY]

which istotally antisymmetrian p, v, A . Here
as _ _ Qg v « 2 o
2 Ku = k= S uap TTAYLF Fo_ 34 AP ]

IS gaugevariantChernSimons currentwhose divergence is given by

My = 3—5 Tr FH E
i



Historically, several authors advocated to use the forward matrix element of thi
topological currento define thegluon axial charger thegluon polarization

<P-|—%,s k”‘P—%s> = 2Ms*alP(A2) + AF(A - $)pg(A2)

Naively thinking, the 2nd term of the above equation vanishes in the forward
limit A* — 0 , so that one would expect

(P,s|KM|Ps) = 2Msa?(0)
with the identification

ay”(0) = =g
T

However, the gaugeariant current £  couples to anphysical Goldstone mode
andpg(Az) hasrmaassless poleéhereby leading to

/_Limo AP (A - 5) pg(Az) — diverges in general gauges
%.
— Indefinite in light-cone gauge



Coming back to our gaugavariant M V?pm , It Is easy to prove the identity

MPJV/\. — EMVAJKU
— 2Tr{(FN 4 ig[A} AY]) AH}
o QTF{FMA pure + FVMApure

A This resembles the operation in the quark part in wigighly antisymmetric
part (1/2) E“V/\Ud)’yg’)gd) Is separated from the total quarer

A An important difference is that each term of r.h.s.dsseparately gaug@variant,
although these gaugkependencies should exactlyd@celedy construction !

nonforward matrix element oM””i‘pm

-1
<P+— ‘M""”’gpm )‘P‘E’S> = 2M (g) 0 (A2) N 5,
+ vg(A2) N A(A - 5)
_|_ u}g(gz)ﬁﬂ(a)\ Voo ‘&U /\) _|_ O(Az)

An important difference with the is that, smceM“ pin 1S
manifestly , there should be in vg and wygy

<P9 S | ng;\}%n(o) | Pa 3> — QMA.Q EMVAU So



(D) gluon OAM part: Mg‘ngM

Although we shall omit the detail, the forward matrix element of this part can
obtainedust in the same way as the qu&RM part

Bg(0 .
(Ps | M3 (@) | Py = D90 pledved o by — (v 45 )

. 2 MAQ E,[_:'.J.J)\O‘ So

The key identity for obtaining this result is

pPUA _ VA UL
Mg boost = Mg—spin + Mg—OAM

+ total divergence




To sum up, we arrive at the following answer for nucleon spin decomposition

MHA  — M,uu)\ + M;sz\)AM + M,u,v)\ + M;LngM + M,u,u)x

q—spin g—spin boost

with

(P, s| MM (0)|P,s) = M Aq e s,,

q—spin
(P,s| M OAM(O)IP s)

Bq(0
%P{”e’x}“aﬁsaﬂg — (v X)

— M Agq E,u,u)\cr So,

2M Ag HV Ao So

B
(P,s| M3 40 (0)| Ps) = ﬁp{ue*}mﬁswﬁ — (v A)

— 2M Ag *AT g,

A
<P? | Mgugpgn(o) | P? S)

- gaugeinvariant and Lorentzovariant decomposition of QCD AM tensor



Inserting the above decomposition into

(P,s|WHsu|P,s) [(P,s| P,s) =1/2
one obtainspin S.R.

= S¢ + Lg + S + Lg

2
with & - 1A
q — 2 QJ
1
Lq — BQ(O) T EACL
Sg — Agv

Ly = Bg(o) — Ay

The individual contribution to the nucleon spinrisariantunder wide class of
Lorentz transformation that preserves the helioftthe nucleon !

The decomposition is not onfjaugeinvariantbut also basicallframeindependent

Il remaining important question

[ relation with actual higienergy observables}! especially,gluon spin tern?




4. Observability of our nucleon spin decomposition

Here, we recall the investigation by Bashinsky and Jaffe, whichostaivial
generalizatiorof thelight-conegauge formulation of PDFs

distribution functions for the quark and gluon spin and orbital angular momenta

1 ' e -
felep)) = 5 [ deme TP (0) 4P v (€) P)

. P . .
faff_e?'l'ﬁ:}’n SUP| dz.’r:J-ﬂJL_(:I:J-) (:I:I-LDE—:a:zz’Dl)fz;‘J+(:f:L-I—f_) |P>

(zp;) =
f'r“f( B:") 272 (f dsz:l)
1 . _
factes)) = o [ dgm el B P (PIFIN0) X A\ (¢T) | P)
i [ d¢ e'®Bi Pt (P| [ d?z+ FHA(at) (:1:1 iDy—a2iDy ) Ay(zt +¢7)| P>
fr,(zp;) =
! s (f dz:zri)
1 :
Here, ¢4 = qu—fﬁw , and not full gauge field

D, = 0; — 19.A;

denotes theesidual gaugeovariant derivativecorresponding to the residual
gauge degrees of freedom remaining after taking the ¢igihé gaugeAJr =0



The correspondinfjst moments

_ 1 f
L= pr PV v1(0)|P),
1
H V2Pt (f dzml)
1
opt

(P| [ 2yl (ah) (1iDy — ig?iD1) vy (1) |P).

(P|FTN0) ™)X 4,(0) | P),
1
2Pt ([ dat)

AG

B

P|/d2f.~;iF+*( ) (21iDy— 22iDy) Ay(at) | P)

Since we do not believe that the quark and gloém partsof the BashinskyJaffe
decomposition correspond to any observables, we concentratesprtiparts

especially, theluon spin part

First we recall the fact that, although it is not so obviouspth&rized gluon
distributioncan be written in a form, in which tlygaugeinvariance is manifest



In fact, by using thequation of motion

which holds in théight-cone gaugewe can show that

facle) = — [dem e PTE (PIFFN0) et X A (67) | P)
4

1 -1 0 izpte (0} et X A (e
[ o (5T ) IR a1 P

[ agm e PTEP FEN0) Ty oo A(eT) | P)

Ay PT

4Mp+/ds‘ P (PIFFA0) R\ Py (€7) | P)

7 [ 4P IFNO) () | P)

manifestly gaugenvariant!

This is standardhknowngaugeinvariant definition of polarized gluon distribution



To clarify therelation with the gluon spin term of our decompositibrs useful to
express fac(x) in a slightly different form.

Following Bashinsky and Jaffe, we introduce Eairier decompositioof Ay (§)

dkT
A& = o

§ = (eT,eh,62) = (¢t,¢h)

Thelight-cone gauge conditiom™ = 0 is preserved by gauge transformation,
the parametersf which donot depenan the coordinate —

kT e = ~
e T RTET ANk, E)

where

Under such gauge transformatiofi, (£, &) transforms as

2mwid(kT) 8).) U-1(8)

A9 = U@ (N6 -
Here, the inhomogeneous term appears onl}yJ‘étz 0

This motivates them to spliff , (xT,&)  into part

ANkT,E) = G\(kT,8) + 276(kT) AN(E)



In thecoordinate spagehis just corresponds to thecomposition

AN(E) = ABMVs(e) 4 ABYTe(e)

with the definition

kT e ~ -
A = [ S—e T Gt D),
re dkt e - =
AN = Dy P 2ms(kT) ANE) = AV = AT D

In fact, one can easily verify that these two parts transform as

AR (e = UE) AR UL,

ARYTE(E) = U(E) (Aﬁ“"”e(é) - gc’n) U~t(&)

under theesidual gauge transformation



Now we return to the expression fgp ()

et e [y e #PTT (PPN et A (€ +7) | P)
fac(z) = el [ de

ith -
" ¢ = (et emel), &= (et eh

We divide Ay (x + 1~ ) into two parts :
A(E+nT) = APWS(e4nT) 4 APUTE(g+p7)

Making use of the fact thatdl?"“(¢) = A\ () does not depefid on )\
can show that the contribution of pugauge part vanishes identically
fag (@) = 0

On the other hand, the contribution of the physical part becomes
1 . — . 5
fRE (@) = ypn [ dn~ e T PTIT (P FTA0) et A ()7 | P)

The corresponding 1st moment is

aG = [ RE@dr = o (PIFHO) X AL (0) | P)



One sees that this precisely takes the same form aagur term

Ag = (Ps| M2 (0)|Ps) /2Pt
= (Ps|2Tr[FTA et \ XAl ]| Ps)y /2P

A That is, thegluon spin parin our gaugdnvariant decomposition precisely
reduces to thést moment of polarized gluon distributiaocessed by high
energy DIS measurement.

A We have pointed out that therenis gaugenvariant local operator
corresponding to thiést moment of the polarized gluon distributinrthe
standard OPE.

A However, it should be clear by now that thereds:onflictbetween this
statement and our finding.

A The decomposition of the gauge fiek, Into its physical andgauge
part is generally a nonlocal operation so tﬁéf“ys notisi local operator



5. Summary and conclusion

& When discussing the spin structure of the nucleolnr gauge invariance
IS sometimes auisance

& Itis known that theolarized gluon distributiom the nucleon can be
defined in terms of aucleon M.E. of gaugevariant correlation functian

& On the other hand, one is also aware of the fact that theoegisuganvariant
local operatocorresponding to thiest moment of the polarized gluon
distributionin thestandard OPE framewark

4

& Undoubtedly, this seemingly conflicting observation has a common root as
familiar statementhatthere isno gaugeanvariant decomposition of gluon
total angular momentuimto its spinandorbital parts



& Inspired by the recent proposal by Chen et al., we find it possible to make :
gaugeinvariant decomposition of covariant anguaomentum tensaf
QCD in anarbitrary Lorentz frame

& Making use of this fact, we could show that our decomposition of nucleon
spin is not onlygaugeinvariantbut alsopractically frameindependent

& We have also succeeded to convince that each piece of our nucleon spin
decomposition precisely corresponds to the observables that can be extrac
throughcombined analysief the GPD measuremerdaadthe polarized DIS
measurementhereby supporting thegandardlyaccepted experimental
projectaiming atcomplete decomposition of the nucleon spin

See, for the detall

A M. Wakamatsu, arXiv : 1007.5355 [he]



& A practically very important lesson learned from our theoretical consideratio
Is that theqguark OAMextracted from the combined analysis of GPD and
pol ar i zed dyprdical OAM(or ntethenicadd A M) 0

(xx(p—gA))
not caromcal OAN
(x X p)

& At the moment, we do not know any means, with which we can extract the
canonical OAMpurely experimentally, i.enodel independently

U

Still, one should keep in mind tleeistence of 2 kinds of quark OAM

[ Naturally, this also means the existenc éfnds of gluon OAM ]



[Backup slides]



The decomposition in theED case

A(m) — Aphys(m) + Ap”wl“e(m)
Aj(z) + Ayx)

with the properties

V-A (x) = 0 . divergenceless
V><A||(a:) = 0 : rotation free

The decomposition isniquebutnonlocal

Aj(@) = -V vi V. Ax)

A (x) —V X —(VXA(:D))



A Toy model analysis on the difference 6f,(canonical) — Ly(dynamical)

AAngul ar momentum decomposition f

M. Burkardt and H. BC, Phys. Rev. D79 (2009) 071501(R)

A A novel phenomenological implication for quark OAM

ARnThe role of orbital angul ar mome
M. Wakamatsu, Eur. Phys. J. A 44 (2010) 297
4

puzzling observatiom isovector channét

Lgy(canonical) — Lg(dymamical) = large 7



Phenomenological estimate of isovector quark OAM based on the Ji suin rule

LU=t = o gu=d _ Ayu—d

with P only unkown
24 = (z)*~? 4+ BUSU0)%

neutron betalecay
ATV = 91(43) = 1.269 +0.003 : scale indep.
PDF fits (MRST, CTEQ et al.)

()% ~ 0.158 4+ 0.001 at Q% =4GeV?

Lattice QCD estimate for355 “(0) . correspondin@to= 4 GeV?

Isovector channel 1 !

LHPC : BY%;%0) = 0.274 + 0.037
QCDSF-UKQCD : BY%;%0) 0.269 =+ 0.020
LHPC Review : BY59(0) 0.293 + 0.011
Wang-Thomas : B4%;%0) = 0.276 +0.063



Lattice + semiempirical predictions for2 L*~% (Q? = 4 GeV?)

2% "4 ~ _0.758 + 0.142 : large and negative !

On the other hand, the predictionrefined cloudy bag modef MyhrerThomas

2L%=4 ~ 0.38 : definitely positive !

typical forstandard quark moduwlith SU(6)}like structure ?

ugs
How can we understand this discrepancy ?

Thomasod reso]l uti on scenario

A Their bag model prediction corresponds to low energy sgale~ 0.16 GeV?

A The strongscaledependencef quarkOAM would resolve above discrepancy.

L* — % mustchange sigibetween the two energy scales !



However, careful inspection revealdangerof this resolution scenario.

AThechoice of starting energf evolution is rathearbitrary even though it
gives successful description of parton distributions at high energy scales.

A The use of theerturbative renormalization group equatatrsucHow energy
scalemight be suspected.

I

To avoid these two problems, we proposeanward evolutiorfirom the

high energy sideyithout specifying the exact matching energy swath low
energy models.

The point is, however, that tmeatching energy scale must at least be higher

than theunitarity violating limi, wheregluon momentum fractiobecomes
negative



Sensitivity to QCD coupling constant

0.6

0.4

0.2

(a) 2(L* - L) at LO with

as(Q? = 4GeV?) = 0.28

Cloudy bag model

T —
e e e

g

3)
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Why is the prediction of the two effective models, i.e. the CQSM and the
cloudy-bag model for " — L% so different ?

The problem may have deep connection with the existence of two kind of
quark OAM!

L .ononicat = X p and Ldynamical = xzx(p—gA)

Since the CQSM is agffective quark theorthat containsio gauge fieldone
might naively think that there is no such ambiguity problem in the definition of
the quark OAM.

However, it turns out that this is not necessarily the case. The pointis that it is
highly nontrivial interaction theory of quark fields

To explain it, we recall the past analyse&6fD sum rulesvithin the CQSM.



CQSM analyses of GPD sum rules :

A Isoscalar channeld. Ossmann et al., Phys. Rev. D71,034001 (2005).
A Isovector channelM. W. and H. Tsujimoto, Phys. Rev. D71,074001 (2005).

Isoscalar case 2 moment of EY%(z,0,0) = H'T(z,0,0) + E“T%z,0,0)

1 1 1
5/1 z BV (2,0,0)de = L}H'd + EAZ“'I'd

where

Lith = (pt [LfHp 1), Azt = (pr At |pt)

with
Lt = [ 9@ (2 x (=i V)1 v(@) d.

canonical quark 0AM operator

>

™M
N
+
Q,
|

[ ¥1@) T39(a)



Isovector case 2¥moment of E¥ %(z,0,0) = H*"%(z,0,0) + E*~%(z,0,0)

1 _
/O z B4 Yx,0,0)de = %A:(*’:l) + (Lgf—” + 5L<f:1>)

with

AxI=1)

(p1 | [ Povf@) s Tav@) pt)

=1
L= = (1| [ davl@) 3 (@ x p)3(@) |p 1)
(= N , R R
LU= = e > (n|rsinF(r)°[Z-Fr-7 — 2 -7]|n)
18 neocc
valence Dirac sea total
L}Izi) 0.147 _ 0.265 ~ 0.118 ﬁcanc;}nicad;
s1,(I=1) - 0.289 0.077 - 0.212 difference
O

L= 4 60U=1 - 0.142 - 0.188 - 0.33 fidynamicad




