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Notations
Metric g" =(+1,-1,—-1,—-1) wpr=0,1,23 i,j=12 (transverse)

1 _ N
Light-cone coordinates = E(PG = PE) E}'+ =1 Pr=P

P = Pra—~4 Pogs — Pi:r.l

= . - i #
75, antisymmetric tensor  Y° = z“fof'qufz'y'g e |
(same as in Peskin)

Coupling constant DF — §* + ?-_g_A,u

=

Wilz™,y ,z,] = Pexp (—ig/ d:_}ﬁ(z_,iu))
Sy

Wilson line




The proton spin problem

The proton has spin .

The proton is not an elementary particle.

- %:%Az AG + L9+ L9
ARV

Orbital angular
Gluons’ helicity Momentum (OAM)

Quarks’ helicity



QCD angular momentum tensor

QCD Lagrangian = Lorentz invariant z* — z* + Wz,

- Noether current %M“’“’)‘ — 0

CaTL

QCD angular momentum tensor

1 _
M;f;;? _ :I:HTC‘[;;, L I"AT&L;;I;; L Eﬁﬁvkp'ﬁb’}'p'}'ﬁ'ﬁb + F;.MAH L F,uuA,\
f quark helicity  gluon helicity

canonical energy momentum tensor

THY = inh 0 Vo — FREY A% — ghv

can
- Quark OAM - Gluon OAM



Exercise: Derive the canonical angular momentum tensor AM***

CELTE
Hint: Under an infinitesimal Lorentz transformation

1 1

0 = —wh” (5(331/6” — xuar/)w — g[’yuﬂfyl/]w)

1 .
- A T 0 A x4 : ey A
0A% = —w! (rryf}.ﬂ:—fl e E (d;,r.gufj' s g.u.fﬁdu )"_1l

: T L
0L = —whz,0,L
Problems
THY : : :
can 1S NOt symmetric, not gauge invariant

Th" is conserved wrt the firstindex J,7, = 0 but not the second 9,1/, # 0

LT Ll



Jaffe-Manohar decomposition

1 1

can can

: . A
pvA = +12 component of the canonical angular momentum tensor M,

Operators NOT gauge invariant except the quark helicity LGRS .sfﬂ Y5

AG ~ eV FTAI Li — ~ iz X 1O Ll =i BTrscdA,

TR

To be understood in the light-cone gauge At = 0

Naive replacement J" — D" does not make this gauge invariant.



Quark helicity: definition 2AXS* = Z<P5|-Eﬁ,f“:f"”"“:f"a'iﬁ'?‘f|PS) —_

proton single-particle state,
f

proton Dirac spinor

spin 4-vector 25" = w(PS)y"y;u( PS)

Exercise: Show that

L PHS, = = (V)= ()
: () \/2(';)0 +m) \X VP OX
2 5P = (ﬁ 5, ms + éj ° ﬁ) §=x"dyand |5 =1
pY +m

P+ M 1+ V58 Hint: use the Fierz identity and
2(pts” — p¥st) = —imau(ps)ot” ysu(ps)



In the quark model,

1 1 {
\P, +§> = m{mm Fo) = [+ =) =)+ }

S mm) AY =1
2 2 2 2
With relativistic effects,
] = % solution of the Dirac equation in a spherical potential
» 1 (r) . — Upper component [ = ()
v \/_ (_39( )7 - & ) “7—— Lower component [ =1

AY = /dg-r-u'rTQE*w =1- —/d-r-rgg(-r) ~ 0.7  The rest ~30% is quark OAM



Deep inelastic scattering

Bjorken variable

,U_ . QQ _ Q2
2P-q  (P+q)*+@Q°—m;
QQ
p X - QZ—I—m‘QX—m]zJ
2
N% (z < 1)

Physical meaning of X : momentum fraction carried by the struck parton

§P+q (EP—I—q)2:£2m}29+25P-q—Q2:O

",
pt = fPV

~ Q7 _
| > €N2Pq_x
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DIS structure functions

Unpolarized

I / d4yeit (PS|T{I" ()0 (0)} PS)

2T

q"q”
_ 13 %
( U e

Polarized

1

| Longitudinal polarization =

Transverse polarization 2

m_— / dtye'ty (PS|T{J" (y)J* (0)}|PS)

sYym

) Fi(z, Q%) + (P“ _ L

asym

gi(z)  St= LSt

91(z) + ga2(x) = gr(x)

_ _Euyaﬁ o
P-q
S.Iu. = (S'jiu{;i

11



Exercise

Forward Compton amplitude

o = L [ dtgeis (PSIT{I#(2).0* (0)}| PS) = T& + T4

2?*
oo

symmetric antisymmetric

Not to be confused with
real/imaginary decomposition

Hadronic tensor f l
1
W — gy dtre™ *(PS|[J*(z), JU(0)]| PS) = WE” +iWL”
.
Show that QIngy = 1'1"r§y

2ImTH” = WH”

12



Light-cone dominance

Want to study the correlator / d*ye' ¥ {P|T{J"(y)J"(0)|P)

2
in the Bjorken limit Q% = 00, P-.-qg—= 00, T = 2%(1 = const.

1
;J_.

|t1\_>O

Naively the integral is dominated by |y“‘ ~

3 0\/..3,.0 3, 0
Proton rest frame (photon in the minus direction) T = (g g )(qU—I—q ) ~ 4 14
mpq mp
—l_NLNTnpx _NLN 1 2 1
(7 q- Q2 > 0, (7 qT My Yy O? > 0

finite !
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Operator product expansion

1 im . ] | it 59 =] Digpidy ”
d ye HL A.J[ L {le -~ E (Uj] — I.JE(‘Ed -+ qﬂ}"} N QE Z QE 1',;(0) _|_ “ . oa
| |

+(p — v, q — —q) c.f., Peskin (18.125)

Pick up the antisymmetric part
(-:I'“ (_}EE(_TL-' g]r_:,[!: A g]r_ﬂ-"ﬁjr..ﬂ- —I— gﬂ-yﬁf.# _|_ '!i,'f 'I!”-illxrﬁ"j.-l,r-,‘j.-._“j

ELETE

/ d'ye' it (y) iy e (0) = ?E‘””’“‘%Z

i

Qgﬂ] ] 211[ Ly
QE{H—I_J

Uyt - -0 (0)

When Q% — oo, naively, the most important operators are those with
smallest dimensions (smallest 11)

14



Twist expansion

2F - 1
However, in the proton matrix element, /% — FP* , and 2 1 _ —
is not small in the Bjorken limit Q° = 0o, x = const. E .

The most important operators are those with lowest twist

(twist) = (dimension) — (spin)

t

In practice, the number of plus Lorentz indices

Wy * i) twist-2 Py 1) twist-3

Twist-2 polarized quark operators
(symmetrized in all Lorentz indices and trace subtracted)

sy MDD . .. DMy —(traces)

15



Totally symmetric in all indices = twist-2

| i ) ) n )
(PS] oy 11/) (%%z()(m 10,y + Z Vi V510 *
i=1
a, n
= — (S)\f)ﬂ»l N ; S, P, Py P,
a, |1 S-q
— S 1 P
n—+1ax" ( T P-q )\>

feed into g1 {I)

na, 1 S-q
= —5) — Sy ——F
zn n—l—l:-::“(’}‘ P-q 'l)

feed into go(x)

2qﬂ1...2qﬂn
Q 2n

005+, ) UIPS)

2qﬂl...2qﬂn
) Q 2n

Only even-7), terms contribute after adding
p—V,q — —(q
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Anti-symmetricin )\ and 1, it2, ... =2 One twist higher (twist-3)

1 = - . y y y y . 2g1t - - 2gHn
(PS|—g S (951000, 10— 15100, 0510, )01 PS) o
i=1
“-I' ? n 2qﬂ)l ... 2q”’n

= ?’Z,—FII 1 ;(SAPMJ o 'P,un T Sﬁbf.Pﬁtl o 'P)\ o 'Pﬁbn) QQn

nd, 1 S-q
— ' Sy — P

n—}—l:c"?'()\ P-q )\)

feed into Q’z(il’-)
/ 1 ETNET a 1 E1NETL n(d _a } 1 \
xr) = —Im LN r) = —Im i ik
91(2) 27 zﬂ: ] 92(2) 27 zﬂ: n+1 o+l
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g1 structure function

T 2rSt

P-I-
~ AnST

EUVETL

Im Z

cUETL

1
Ty e (PSIU (D)IPS) +

n=>0U

Convergent only when |z| > 1!
All terms are real!

a, 1

rn+1 o QS
dkt

.Ln—I_l 2“

1

(P+) /dI_Eik+I_ (BS 'E.-";([])’:*"JFT*’SI'V[D:I_]'t.""’(iE_NPS}

Wilson line
Exercise: show this

1

0 "dkT
1 il Ty

iktr™ s
TP it +3:P+—I;:+)de e (PS|¢¥(0)yTsW[0, 27 |¢(z7)|PS)



z|>1 to1>z>0 Z-—->22—16
(cf. 8 — s+ 1€ )

1 Analytic continuation from

P-I—
~ 8 St

/ dz= e = (PS4 (0)y T W0, 27 |0 (z7)|PS) + (2 — —z)

1
— E(&q(m) + Ag(z))  Polarized quark and antiquark distributions

Note the sign difference q(_x) _ —Cj(.’lﬁ) Aq(—x) _ A(j(:l?)
unpolarized quark PDF polarized quark PDF

1
Exercise: Show that for 70 even, n An
dra" g1 () = T

0
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g-(x) structure function

Similarly,

1 n(d, —ap) 1 L n(d, — a,)
2\ — —I n._. L n n
gz(%) 2T H n + 1 ,flfn"’_l /(; dxx g2 (‘/B) il 4(n 4+ 1)

mn

Exercise: Invert these relations and get
S|

QE(I) — —f1 (I) ke / igl(z) —+ ﬂg(fﬂ) Wandzura, Wilczek (1977)
o T
Wandzura-Wilczek part ‘genuine twist-3’ part
related to twist-2 PDF 4qq correlation functions
1 _ . -
; d o j e (e 4 2 1
/ d;'l?.’l'ggg(fﬂ) — EE (PS|YyTgF 4| PS) = 2dy( PT) €’.5;
0

Shuryak, Vainshtein (1982)

20



AY from polarized DIS

Longitudinal double spin asymmetry in polarized DIS

A, - NTpi _ ,quT

or, \ 2xq1
~ 1
( + O'T) F2

1
/n dzg,(x, Q?) Zt”f/ dz(Aqs (7, Q%) + Ags(z,Q%)) +

Flavor SU(3) decomposition é 2 1 1 | 1
Mg = : ==+ = —1 + = 1
ok 9

21



AY

A
[ |

1
[dmgl(m) = %(Au—l—ﬁd—k&s)
Jo

1

12

1
5 (Au + Ad — 2As5) + O(ax,)

+—(Au — Ad)

nucleon isovector axial charge

b, 13 (3)
<p|q / fﬁt q|p> ~ G4 octet axial charge (P|‘ﬁ’”ﬁ"ﬁfﬁfi‘|p> ~ Q'_f}

> from neutron beta decav - from hyperon semileptonic decay

n(udd) — p(uud) + e~ + v, =" (dss) — Auds) + e~ + De

. — 1 —— ¢ =
ny ~ gfj (AlayHyss|27) ~3F — D = g_Eij

(pluy*ysd

22



Axial vector current baryon form factors

(Bb|A%|B.) = s (p') (F(¢*) Ty + D(¢*) Dg )y 5 + -+ ) ue(p)

= LA +
Al = qyHystag 1 (V2 L UZ -
| B'=7%1 ¥ ~atE o
I;,;: — —:'.fr,!fj-[-. _D;;[ = Ij--|!1r.!|'j':' 2 = EO _2%/

—i F

D 1
(p| AL |p) = ( 5 (i fsas — i fssa) + (d844 + d855)) UpYHysUp =

Wik

3F — D)y vsup

e _ 1 _
(A|AS +iAL|ET) (\[F + —(dags + d585)) UpaY*ysu=s- = %(SF — D)upy ysuz-
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‘Spin crisis’

In 1987, EMC (European Muon Collaboration) announced a very small value
of the quark helicity contribution

A =0.1240.09 £0.14 !?

A

Recent value from NLO QCD
global analysis

A =0.25~0.3



1
Gluon polarization AG:/ dxAG(x)
0

Polarized gluon distribution

' du— _ .
AG(z) = —— | ZeP v (PS|FT(0)F*, (y )| PS)

xSt 2T

F—HF-I- (F+R)TF+R (F+L)TF+L

Non-local, even after taking a moment.

1
/ drAG(x
0

) = [ dy ey ) (PS|F(0) B ()| PS)
- 26+ f

Depends on the prescription of the pole1/x.
The value of AG independent of the prescription.

In the light-cone gauge A"

— (), it reduces to the local operator in the Jaffe-Manohar decomposition.



Polarized DGLAP evolution

1
d (AE(X)) _as(Q%) [dz (quq(z) Aqu(z)) (AZ(x/z))
dinQ2 \ AG(X) )  2m 7z \APgq(z2) APgs(2) AG(x/z)

X

AP, (z) = C (HZZ +§5(1—z))
aq(&) = F (1-2)+ 2 ’

APgg(z) =ns(2z—1),
APgq(z) =Cr(2—2),

Ang(z)=6( —22+1)+%8(z—1)

(1—2)4

Integrate over x

dln Q2 (2 AX(QY) +AGQ )) # () Helicity is not conserved!



RG evolution of AY and AG

1
In practice, the scale dependence of AY, very weak / d>/A\ P ( ) =
(e
0

Evolution starts at 2-loop in perturbation theory

d
dIn ()?

AY = —12CpTeny (%)’ AY

On the other hand, A@G has a strong scale dependence

c d[] X g ('L? )

2
MQEAG(Q} S LA

Kodaira (1980)

da(Q?)

dlnQ?

Bo

2

__{T}:.
A7 °

27



) o, (Q°)AG(Q?) = const.

(at one loop)

Accident? No!
Deep connection to QCD chiral anomaly

9,
0 1n p?

As (ﬂg)
27

(az6) +n, 2 600

Only the sum of helicity and OAM is

d
dIn ()2

de Florian, Vogelsang 1902.04636

NNLO  (Qy=1 GeV)

1.0

0.5

0.0

-0.5

~1.0 L——u
100

10

101

conserved.

(FASQY) + AG(@Y) + L(@) + Ly(@) ) =0



Determination of AG at RHIC

Direct Photons Point to Positive

Double spin asymmetry of pions and photons in polarized pp. Gluon Polarization

44 4— Results from 'golden measurement’ at RHIC's PHENIX
dO' — dO' experiment show the spins of gluons align with the spin of

p— d0++ _|_ d0--|—— the proton they're in
x ) Afa®Afy(2) ® Aoay
a,b

Arr

June 21, 2023

ﬂ_s T T T T | T T T T | T

pion, photon g V5 = 200GeV

7 ;
S T

Versus 02

- 2 -4

0 s 10 15p. [GeV]

| y i . i @ enlarge
N

analysis of data from the PHENIX detector at the Relativistic Heavy lon
- (RHIC) gives fresh insight into how gluons contribute to proton spin.
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1
Evidence of nonzero gluon helicity AG :/ dzAG(x)
0

A major achievement of the RHIC spin program!

1
f dxAG(z, Q% = 10GeV?) = 0.207% DSSV
0

05

0.2
/ drAG(z,Q* =10CGeV?) = 0.17+0.06 ~ NNPDF
0

05

1
f drAG(z,Q® = 10GeV?) = 0.23+£0.03  JAM
-

A5

NNLO global analysis became available last year. Borsa et al.
2407.11635

Huge uncertainty from the small-x region --> EIC
Renewed interest in the small-x resummation of helicity PDFs


https://arxiv.org/abs/2407.11635

Helicity PDF at small-x

Consider q=> qg splitting = %?QQ . 4 QQQQQ-;QQ ,
m L a L
unpolarized splitting function polarized splitting function
1 (1 —x)? 1 (1—x)?
Py (x) =Cp (5+ " ) AP, (z) =CF (E " =Cp(2 —x)
1/3;' enhancement (soft divergence) No ]_/3;‘ enhancement,
| 1
Glx) o —— AG(z) e —

L plte S

Spin effects are always suppressed by x ~ (energy)_1
But the value of (¥ still matters!
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Unpolarized

H | 1%

v

v

Tepy"(p — k)" =~ 8p*p”

J(p-p)? zi

PR & iy
g

Neglect k in the numerator
—> Eikonal approximation

Single logs (BFKL) ((;L/S In 1/33)”

Polarized

v

»
»

Trys v (p — ¥)7v" = —4die”#V STk,

PP a8
(k2)2  CkY

Either por v is transverse (sub-eikonal)
A’k integral logarithmic

Double logs (g In? 1/x)"
32



Double logarithmic approximation

All-order resummation of small-x double logarithms (Ozs In” 1/x)n
for helicity distributions %

Unlike BFKL, we need to include quark ladders

Unlike BFKL, we need to include
non-ladder, ‘Bremsstrahlung’ gluons

Resummation very hard, but can be done!

Kirschner, Lipatov (1983)

Bartels, Ermolaev, Ryskin (1996)
Kovchegov, Pitonyak, Sievert (2016")

33



Regge intercept at small-x, revisited

4ay, 8a?
Bartels, Ermolaev, Ryskin (1996) A'YggR(w) = ws + wgs
4a, 8a?
Borden, Kovchegov (2023) A’)/?é% (w) — > 38
W W

Discrepancy at 4-loops!

Ag(x), AG(x) ~ 2

X
XL

S NC
OpEr ~ 3.664 \/CES Ne Opr =~ 3.601 \/oz
27 27



OAM at small-x

Suppose an energetic quark emits a very soft gluon.
Nothing happens to the quark.

Due to angular momentum conservation, gluon helicity and OAM must cancel.

- =

v

35



Helicity-OAM cancellation at small-x

|

2

|f ._""LGIZETI ~— then Lg(j_’:) - Q- &GT{J_;‘) Boussarie, YH, Yuan (2019)
T 1+ o
YH, Yang (2018) There might be a sizable contribution to AG

20 S from the small-x region.

’ 2 AG(x)
10f Q? = 10GeV? /// ] But there will be even larger L, from the same

0____.55_:_?:.".“ _____ *\ X-region with an opposite sign.
A %%gg .‘.\'s
- 10“ fq(ll;') ~\\ g ]

29 o N L (x) Helicity is only half of the story.

0 2 4 6 8 10 Can EIC seriously address OAM?

Y=Inl/x
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Gauge invariant completion of JM decomposition

YH (2011) see also Chen et al. 0806.3166

(PS|PFt A7, |PS) =25TAG

phys

lim (P'S|gny i Di |PS) =iSTeiA ;L

A—0 pure o

lim (P'S|FteD,  APMYS|PSY = —icli A ;STLY

AS30 pure’ta — el can
where Al = / dz Wiz~ 27 |F™ (2", z1)

D® = Dt —igA" (= 0" in the light cone gauge)

PUTE phys
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Twist structure of OAM YH, Yoshida (2012)

e(x) d’ e(x) dr' - ’
LI (x)==x [ (Hy(z") + E4(z")) —17] — H,(z") Wandzura-Wilczek part

-_[_"r T l'-'rg
elx) 1 311 — T
Jz —1 ri(z1 — T2) genuine twist-3
e(x) 1 _ 1
—T [ di’-l] dro®p(xy, z2)P 5 :
Jo . xy(x1 — x2)

Op ~ (P|py" FHe)|P)
Mp ~ (P'|FHFTFP)

r (=) do! &) gt
‘e L ! f f
Lin(z) = EL —3 (Hy(«') + By (")) —:sf —AG()

T €

e(x) dr’'
—[—2:1:/ 3 /dX@F(X,I’)—I—E:Ef
I

I

e(zx) 1 B 1
d:{.‘lf d:{.‘gﬂfF(ILIQ)P 3
1 zi(z1 — x2)

21Ty — xTo

() 1
—|—2.L/ d.Llf dIgi‘ifIF {:Il,iﬂg:}p 3 3
m _1 xy(xr1 — x2)
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Wigner distribution in guantum mechanics
Phase space distribution in QM
fw(q. p) = | dxe P lg — x/2){q + x/ 2\

Reduces to ¢ and p distributions upon integration

lq . dp .
[ sewam =1t [ 5L = il

Not positive definite, no probabilistic interpretation

n-th excited state of 1D harmonic oscillator



QCD Wigner distribution

Phase space distribution of partons in QCD—the ‘'mother distribution’
Belitsky, Ji, Yuan (2004)

W(%Ebgi)

dPAy dz=d?z) upt, i, 2, A A
— iz kg p . —g(b— z/2)y T q(b 2)|P + —
| Gt S (P~ St~ 2/2* a(b+ 2/2)|P + 5)
/dl_ﬁ_l lfdfél
™D f(z, k1) GPD  f(x,b1) f
dx

—

[dkl\, ./[dbl
pD|: / F(bL) Form factor
/-.

charge 40



OAM from the Wigner distribution

Lorce, Pasquini (2011);
YH (2011);

Define L4 = /d;[j /deJ_d2kJ_(gJ_ X EJ_)qu(ZB,gJ_,EJ_)

Go to momentum space b — A | and look for the component

,S+ o :
W9 — ?,EewkiAifq’g(ﬂf: AJ_) + -

Then 199 — /dI/dszﬁfifqrg(IjkL)



Canonical OAM from the light-cone staple Wilson line

Make the Wigner distribution gauge invariant by attaching a staple-shaped Wilson line
e

_ | 2
T Wotapiet(5+ 2)

= - L o L - P .
11 q f ﬂ}E dEEJ_ E_L.f..!u z ik 12 <'EI.'fJ (h o

The resulting OAM is the gauge invariant canonical OAM

11: taple
YH (2011)

f Pk (by x k)W (by, kL) = (Pby x iDP™p)

i 0
Proof: replace k| — —i—
dzt

42



Wilson line derivative

o AT
8 —Wiloo, 27,z |Y(z7,21) = WO (z) — -ig/ dz~Woo, x| s (T_- 12J_)Hfr[:'13_, z~|Y(2)
oz% . 0z%

\ J
|

D*A; — F+,

Use the trick

[ [ d
/ dj:_l"[f’[m-,:r:_]DJrA;,;(:I:_,zL)Hf’[;r:_,,z_]:f dr F(Hf 00, z7) Ai(z™ )Wz, 27])

= A;(0c0)Wloo,z7] — Wloo, z7]A;(z7)

Therefore,

0

%4
0z

o, 27 [z = Wiea, 2™ (DJ_;.;-;/;—k -a'gf dﬂ:_l-”[f[z_,:r:_]_Fﬂ(m)Hf"r[m_,,z_]-z,ii)

=Woo, 27 |D ;=)
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Improved (Belinfante) energy momentum tensor

Return to the canonical angular momentum tensor and write

fpfﬁy'}“ i I_UT;_{A L IA.T,LL:; £ H;w,l

Can Cam COLTL

Define THY — T(':Lgfn -+ apGP,L“/ € One can add a total derivative.

where GFPFY — %(HPF’“‘ — H#PY — HVPH)

Exercise: Show that T is symmetric and conserved. Hint: use 9,M"* =0

Explicitly, Gruv — _lep/ul/()‘w,y ’YB¢ L QFHP AV
2 g

44



Exercise: Show that in QCD,

~ _ YA ~ ~
THY — ww(u D) V)TP _ Fuppl;) gL = T.{:w i Tfjw
Awp) = 2 J; SR T ; L Dt ="ar —igar

Hint: A useful identity -
From the Dirac equation (1D + iM ) = (D) — iM) =0

0 = iy u($+?]\[)1/)_1/)(@ iM )Y )
= V(g"" + """ = gAY + i Y65 Dyt

¢
_r(/)D (gPV,)/ﬁL+gVﬁL,Y gp,(t,ylf +?EpVﬁLJ ,g,j)i/)+2?ﬂ[gﬁtyi/)l/)

— 2(+* D" =" DM + i 0, ($7750)
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Derivation from general relativity

If you are only interested in the symmetric form, there is a much quicker derivation.

Write down the action in curved space
5= /drl;ﬁﬁ ['E..-:';‘, fi] — ‘/ddl‘w —gﬁ[g“‘”, 'EI.-fJ, ﬂ]

In my convention, ¢ = (+1,—1,—1,—1) inthe flat limit.

, _ —— THY — [ E,
]_:”-” P (ﬁ.g,m;‘/ ﬁ f\/i(ﬁ'gm;/

beware the sign difference

Don’t do this:

=

0
55,;“;

v

Vg’ v,0,% = ¥y, 0,1

vy O, — Yght'y,0,9

Why is this incorrect?
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Ji decomposition (operator form)

Improved angular momentum tensor

I,u.:}r,mn\ :r;ufl;rfh o Iﬁhfl,u;u

_ r_r:;j:l,u.,l o r_r,l-j:l;,r.u b r_r:;-f,u.,l - r_r}n-f;,r.u
of if L q
\ } \ }
| |
total quark total gluon angular

angular momentum momentum

Further decomposition in the quark part

1 _

iy # D) = ik D ¥ap - €7 0p (P 759)
\ Y J \ Y J
Quark orbital Quark spin  —* — = t’””'}'g WYe VsV

2

angular momentum

JP=M" =L+ S+ J;
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Kinetic (Ji’s) OAM from the straight Wilson line
Ji, Xiong, Yuan (2012)

[dzkl(bL X kJ_)H .Strmght(bJ_} ‘ILJ_) {Ef b, X hDﬂ“}

-1.07 kinetic
i_”? 05|t P eadiie, I !!;H-H-HH T | € canonical
= 7 |my=518Mev """ = dquarks | |
55 P e isoscalar Z
L3 0.0} ¢=0.39 ¢ 2u quarks | | c |
-~ | Difference seen in lattice QCD
= HHHWWH%HHHHH 3
T _osl ] Engelhardt (2017)
N L Q |
3 , ,
_1_0'i> }i}%§§ iii% b
—o00 -10 — O 5 10 - 00

M staple length



Gluon OAM from longitudinal double spin asymmetry

in diffractive dijets
Bhattacharya, Boussarie, YH, (2022, 2024)

k, Kovchegov, Manley (2025,...)
o=
b b ~b; Xk
e =
A
gL — == -
-
conjugate to A\ | correlated with jet
o4 proton recoil momentum  transverse momentum
40+ 12F 05F
b — OAM 105 — OAM o4k — OAM
£ 30¢ — Helicity T o8k — Helicity T — Helicity
© ~ Spin-orbit correlation % 06-5- —— Spin-orbit correlation ® 03F ~— Spin-orbit correlation
Q 20} — Total S — Total - : — Total
€ e € 02} \
10 . -
S < S 01t
| o 0.0

L
Wl oo b oo Lo la s o o s ol ool oaa ll

N I S e e | PR Lo a1 s L A
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