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Proton spin structure

Understanding the spin structure of proton has been an important
goal in hadron physics community since the EMC spin crisis
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Proton spin structure

Understanding the spin structure of proton has been an important
goal in hadron physics community since the EMC spin crisis

Quark spin carries only a small
portion of the proton spin ~25%
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Proton spin structure

Understanding the spin structure of proton has been an important
goal in hadron physics community since the EMC spin crisis

Quark spin carries only a small
portion of the proton spin ~25%

Global analysis taking into account
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Proton spin structure

Spin sum rule
¢ Ji decomposition

1 1 )
[ EZEAE‘F»C{;“‘JT(;}

The three terms are given by

[f = [ P )t %L + / Bz Y17 x (—iD)y + / Pz 7 x (E x B“)J

Gauge- and frame-independent, but not in partonic language

Incomplete decomposition, no separation of total gluon angular momentum into
spin and orbital part
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Proton spin structure

Spin sum rule
e Jaffe-Manohar decomposition

[lzéaz+ﬁq+acx‘+ﬁg}

2

The four terms are given by

[ [{E‘j a_T [a:ﬁﬂxx{ ?T}L—I—/dJIE x A% + /dﬂxgﬁfxvqw }

Complete decomposition into the quark/gluon spin and orbital angular
momentum

Clear partonic interpretation, but all terms except the quark spin are gauge-
dependent

Infinite momentum frame and light-cone gauge A* =
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Proton spin structure

Spin sum rule
e Jaffe-Manohar decomposition

[lzéaz+5q+acx‘+ﬁg}

2

The four terms are given by

[ [{E‘j a_T [a:iaa.b:x{ ?T}Lgdﬂxg x% fdj.rEl-.fde_” }

Complete decomposition into the quark/gluon spin and orbital angular
momentum

Clear partonic interpretation, but all terms except the quark spin are gauge-
dependent

Infinite momentum frame and light-cone gauge A* =
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Proton spin structure

Spin sum rule
e Jaffe-Manohar decomposition

()

i

[lzéaz+ﬁq+acx‘+ﬁg}

The four terms are given by

[ f{ﬁ‘j a_T fa:iaa.::x{ ?T}Lgd%g ><% /dﬂrgifxvqﬂﬂ}

Complete decomposition into the quark/gluon spin and orbital angular
momentum

Clear partonic interpretation, but all terms except the quark spin are gauge-
dependent

Infinite momentum frame and light-cone gauge A* =

Albeit the gluon helicity appears to be gauge-dependent, it is an experimentally
measurable quantity
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Proton spin structure

Spin sum rule
e Jaffe-Manohar decomposition

[%:éaz+ﬁq+gc;+£g}

i

The four terms are given by

[ fa:iaﬂ fa:ﬁa.rx{ ?T}Lgdﬂrg x§ /dﬂrgifxvqfﬂ}

Complete decomposition into the quark/gluon spin and orbital angular
momentum

Clear partonic interpretation, but all terms except the quark spin are gauge-
dependent

Infinite momentum frame and light-cone gauge A" =
Albeit the gluon helicity appears to be gauge-dependent, it is an experimentally
measurable quantity

How does [ d3x E, x A® become physical? Or more generally, can the Jaffe-
Manohar spin sum rule be justified to be physical?
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Proton spin structure

Let us first look at an alternative angular momentum decomposition
which is similar to the Jatfe-Manohar decomposition but has gauge
invariant individual constituents [Chen et al., 03]

—

- : 1= . 1 -
J = /d.33: -QJTEZZ-Q;J + /d?’x YT x ;(V —igA) )¢

+/d3$ E, x A’j+/d3x E. #x VA"

 Separate the gauge field into two parts

[AT: A]_ —l—f'_l‘” ]

¢ In Abelian gauge theory
[Y '_FT_ = 0, V x J—TH — (}J

o A, gauge invariant under gauge transformation, all terms in the above
decomposition are gauge invariant with £ X A, gauge invariant photon

spin
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Proton spin structure

Let us first look at an alternative angular momentum decomposition
which is similar to the Jatfe-Manohar decomposition but has gauge
invariant individual constituents [Chen et al., 03]

— —

J = /dal UTEZ—:}U + /d?’:c '?.irf'if X ?(V — ?.-QJIH)'E}'

+/d3$ E, x A’j+/d3x E. #x VA"

 Separate the gauge field into two parts

[AT: A]_ —l—f'_]:” ]

e In non-Abelian gauge theory

[_i_ L UWA U (), A= U@A U @)+ ;(VF(:-))UTMJ

e A, transforms covariantly under gauge transformation, all terms in the

above decomposition are gauge invariant with £ X A, gauge invariant

gluon spin
09/24/2015 Light Cone 2015, Sep. 21-25, 2015
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Proton spin structure

Although gauge invariant, the gauge boson spin E x 4 is in general
not a physical quantity
e A, and A | generate E, and E |- but there is no charge responding
differently to E| and E I

e Separation of vector potential into transverse and longitudinal parts is
frame-dependent, the frame dependence of both parts is dynamical, and
cannot be obtained from a Lorentz boost

However, it becomes a physical observable in the IMF where the
Weizsacker-Williams approximation is valid
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Proton spin structure

Weizsacker-Williams approximation
e A charge at rest has only longitudinal electric field E=Vp=EFE | With 77 X
E;=0
. Whe£1 it moves, n_l)agnetic imd transverse electric fields are generated B =
VxA=VXA,, E, =—0A,/0t
o In the IMF limit, £, » E It E, ~B, the electromagnetic field can be regarded

as free radiation, A generating E|, B, and therefore E x A appears to be
physical
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Actually, in the IMF limit E x A, agrees exactly with the gauge
invariant total gluon helicity [Ji, Zhang and Zhao, 13']

T >
2xPt 2

[AG—fd ! jdg_ emP*E{P.ﬂF;a(g)z:ﬂb(g,0)15&;{0)135}}

e Which can also be written as

[[Ea([)) X (_I”('U) - vl(ﬁ__lb}ﬁ.fw(i.{}))}B]

e It provides a natural gauge invariant notion of gluon spin

e And is the same as the Jaffe-Manohar result in the light-cone gauge

e This justifies the light-cone gauge as the natural choice in the IMF, where
free field expression attains physical significance

e The equivalence between them requires only a vanishing field strength of
A | and At = 0 in the IMF, the choice of 4, is not unique

09/24/2015 Light Cone 2015, Sep. 21-25, 2015
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Proton spin structure

Actually, in the IMF limit E x A, agrees exactly with the gauge
invariant total gluon helicity [Ji, Zhang and Zhao, 13']

.
2xPt 2

[AG—/d ! /dgei-"fPW{P.ﬂF;a(g)z:ﬂb(g,0)113(0)135}}

e Which can also be written as

[[EG(D) X (_I“('('Jj - Y;l(ﬁ__lb}ﬁf,“(t.{}))}B]

e This also offers a practical possibility to compute the proton spin
constituent, the idea is similar to an etfective theory setup

Large momentum effective theory approach [Ji, 14']
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An effective theory framework that allows to compute light-cone or
parton observables from Euclidean quantities

For a light-cone observable, e.g. the parton distribution functions or the
gluon helicity, construct a Euclidean quasi observable, which in general

is frame-dependent, but approaches the light-cone observable in the
IMF limit

[ O, ) =5 o(;;)}

e The choice for quasi observable is not unique, for example
A0 A A3 AT
¢ Instead of computing the light-cone observable directly, one can compute

the quasi observable at a finite hadron momentum P. It can then be related
to the light-cone observable by a matching condition

?

- P o M2
), ] / — Y I [
[{ (P, ) Z(N}"(-‘J(f)"i_o(p?)}
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Large momentum effective theory

 The difference between quasi and light-cone observables is in finite or
infinite momentum, hence they shall have the same IR physics

¢ In general, both quasi and light-cone observables sutfer from UV
divergences. They have different UV behavior because of different order
of limits (the IMF limit and the UV regularization are not exchangeable)
Taking IMF limit first — physical case, light-cone
Taking UV regularization first — frame dependent, but practically calculable
e However, the difference can be perturbatively computed, and is captured
in the Z factor

e Analogous to an effective theory setup, e.g. the HQET

e Feynman parton model is an effective theory for the nucleon moving at
large momentum

09/24/2015 Light Cone 2015, Sep. 21-25, 2015
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‘Large momentum effective theory

The Z factor contains logarithm of lng when P becomes large, which

retlects the non-smooth light-cone limit

e Large logarithms can be resummed by a RG equation

1 0z 00(P) - M?
[ P 7P omp ~ rOBT O(ﬁ)}

This effective theory approach provides a practical possibility to
compute light-cone observables

e Euclidean quasi observable is potentially computable on the lattice

e Perturbative matching allows to extract light-cone observable from the
quasi observable

* A good approximation of the light-cone observable can be achieved at a
moderately large momentum
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An example:
e Instead of computing the complicated non-local light-cone matrix element

27

i ™ _; - ;
[ A(?:/dxh;r/ §mpte {P.S’|Fja(£)£ﬂb(£,O)FQTE(U)PS}}

e We can consider the large momentum limit of matrix element of ExA,
which is an appropriate quasi observable

e

At finite momentum EP Wk

ascpls A i g

5 . !
22 : uiy3u et
ar |3 3 :

n —_
m 3 m 9

(.5l (E < AL)  Ip.s) =

In the IMF
— - 3 & C 3 -2
(p. s| (E x AL) p.s) =552 +30n % +7) Ut

] =

which agrees exactly with the light-cone result [Hoodbhoy, Ji and Tang, 96¢']

— - 3 0oy 2
(p, 8| (E X A) p. S}A:_G ai?(% +3In f;? +7)u'zu
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An example:
e Instead of computing the complicated non-local light-cone matrix element

i de= o i
[ 20= oy [ e <PSIFJ“<£Jﬁﬂ%,omw)pm}

e We can consider the large momentum limit of matrix element of E X 4,
which is an appropriate quasi observable
« At finite momentum TR

veC 5 5 2 4  4p? 1
ASYF __|__|n'u__|__|ni__
47 3 m 3 m

_ = 3
(p. s (E x Al) p. s) = vy F¥p

 In the IMF
C}:sCF 3

L~ \8 2 : .
(p.s| (E xAL) |p,s) = (= +3|n:“_2 +7)uiTty IR physics remains the
A7 ‘¢ m

same for finite and

infinite momentum,
only UV is different
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~ Proton spin structure from LAMET

An example:
e Instead of computing the complicated non-local light-cone matrix element

i de= o i
[ 20= oy [ e <PSIFJ“<£Jﬁb@f,ow&;w)pm}

e We can consider the large momentum limit of matrix element of ExA,
which is an appropriate quasi observable

e

« At finite momentum ESOSk
L~ 3 CasCe[5 5 42 4 4R 1] . g S
(p,5|(E><AJ_) |p, s) = yym [3€+3|nm2+3|n o u'x u g k+p )
 In the IMF
= = \3 _ asCr 3 2 + 3 IR physics remains the
(P 5| (EXAJ‘) p.s) = A7 (;+3lnﬁ+7) Uy same for finite and
infinite momentum,
» The two results can be related to each other by the only UV is different

following matching factor

asCp (4 ﬁg
Zgg = 4 (g In E + canst.)
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The above procedure is for gluon helicity, the same can be done for
other angular momentum constituents contributing to proton spin

Matching relations [Ji, Zhang and Zhao, 14']

~ agCy (7. (P?)?
AY(n, P?) = AX(p), Zgg = 1+ Zm‘q (§ In ( :“2) Ra
~ z ¥ ‘1[2 ) N z)2
AG(p, P?) = 24AZ(p) + 200AG(p) + O ((Pz)?) v Pyy= 1+ “i( F{—2m (Pi) + Rg) N
N by 7
AL,(p, P*) = P,AL P,.AL vo( Pz)2
q(pt, P?) wa DAL () + Pyg ALy (1) P qu _ ﬂ%;ﬂ_F (2 In ( J“Q) B RB) ng
+Pgg AY (1) + pquG'(,u) +0 (@) ) asCr 1 (Pz)Q
B Pa= —3— |3 In—5—+ R4 Pgq
ALy(p, P*) = PyAL (1) + PygAL, (1) ?T_w ~Iu2
M2 p= S5 (L g R
—I—pquE(u) _'_pggAG('u) +0 ((pz)Z) ] Pag = 47 HQ . 4
JP— @s5Ca —z In (pz)Q - R
Pgg 4 3 112 2

Each term in the Jaffe-Manohar sum rule can be related to the matrix
element of gauge-invariant, frame-dependent operators in the large
momentum limit

09/24/2015 Light Cone 2015, Sep. 21-25, 2015
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Operator definition of parton distribution

T . Dt — ¢ :
[q{:w-g} Zfif—ﬂf”f PUP[O(E7 )y exp (—fng dn‘A+(n‘)) w(@li")}

o P = (P%0,0,P%),¢t = (t+2)/V2

e Light-cone correlation, expectation of light-front number operator in the
light-cone gauge

e This cannot be directly computed e.g. on the lattice

Look instead at an off-light-cone quasi parton distribution [Ji Prr, 13']

. “dz e o o W\
[q‘(r.;’l. P*) = / _L_,_fu (Plv(0,0,, 2)7" exp (—r’g / dz' A*(0,0,, 2 ]) (0) P}}
J—oo Jo

e Quark fields separated along z-direction, no time dependence, x = k*/P*

e Light-cone distribution can be approached by this up to power suppressed
corrections in large momentum limit

09/24/2015 Light Cone 2015, Sep. 21-25, 2015 26
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As in the case of gluon helicity, one can calculate the quasi parton
distribution at a finite momentum and convert it to the parton
distribution

How to recover parton distribution from the quasi one? [ji 13, Ji, Xiong,

Zhang and Zhao, 13']
1
- - (fl!)r 1!" ;.1 I{{ |
fe )= / W’ (_——) qly, i)
[ : | J-1 |.f_s’| y' Pr P Y. K,

e Can be viewed as a factorization formula

 Soft divergences cancel on both sides
e Collinear divergences captured by quasi distribution

e Z factor sensitive to UV physics only, and thus perturbatively calculable
[see Xiaonu Xiong’s talk]

09/24/2015 Light Cone 2015, Sep. 21-25, 2015
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Summary

Each term in Jatfe-Manohar sum rule corresponds to the infinite
momentum limit of gauge-invariant, frame-dependent operator matrix
element

It is practically possible to calculate partonic angular momentum
contribution to proton spin within the framework of large momentum
etfective theory approach

Also parton distribution (or other light-cone quantities) can be studied
within the same framework

Perturbative matching allows to convert it to the physical result

09/24/2015 Light Cone 2015, Sep. 21-25, 2015
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