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Proton Spin



Proton Helicity Sum Rule

Helicity sum rule (Jaffe-Manohar form):

1
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with the net quiark and gluon spin |
1

5@ =3 [aas@Q)  5,(Q7) = [ drAG( Q)

0 0
L, and L, are the quark and gluon orbital angular momenta



Proton Spin Puzzle «w -} s

The spin puzzle began when the EMC collaboration measured the proton
g, structure function ca 1988. Their data resulted in

AY ~0.1=0.2

It appeared quarks do not carry all of the proton spin
(which would have corresponded to AY, = 1).

1
Missing spin can be 5 Sq+ LgSq+ Ly

— Carried by gluons —

— In the orbital angular momenta of quarks and gluons
— At small x:

l\DI»—\

1 1
/dxAZxQ /dxAGxQ
0 0
Can’t integrate down to zero, use X, instead!

— Or all of the above!



Polarized PDF global analysis

Table by E. Nocera

Recent determinations of polarised PDFs

D88V NNPDF JAM
DIS v vd VA
SIDIS vd X (7]
pp A {jEtS.?TE']) vd {jets,‘i-’[-‘i) X
statistical Lagr. mult. Ax?/x? = 2%
treatment Monte Carlo Monte Carlo Monte Carlo
_— polynomial neural network polynomial
parametrization (23 pars) (259 pars) (10 pars)
. minimally large-x
features global fit biased fit offects
latest updates DSSVo8 NNPDFpol1.0 JAM15
P DSSV14 NNPDFpoll.1 JAM17

1
Dbﬁdxﬂg(x, Q?=10GeV?) = 0.20*% . DSSV++
0.2
[dxAg(x,Q2=10GeV?2) = 0.17+-0.06 NNPDFpoll.1

0.8
[dxAg(x,Q%= 1 GeV?) = 0.5+-0.4 JAM15 |

0.001 5
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How much spin is at small x?
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DIS + SIDIS data
no pp data in fit

RHIC spin
projected data up to 2015

Stratmann, Vogelsang, helicity PDF parametrization)

—— DSSV 2014
with 90% C.L. band

EIC projections:
B Vs=775GeV
Bl +Vs=1227GeV
B +Vs=1414GeV

min

E. Aschenaur et al, arXiv:1509.06489 [hep-ph], (DSSV = de Florian, Sassot,

Uncertainties are very large at small x! (EIC may reduce them.)
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http://arxiv.org/abs/arXiv:1509.06489

Helicity PDFs at Small-x

Theoretical calculations by Bartels, Ermolaev and Ryskin (BER, 1996) and
by YK, Pitonyak and Sievert (2015-17, KPS).

KPS results (large-N¢):

1 ¥, 4 o N, o N,
A [ = ith of = \——C ~ 2.3l ——F
q(x,Q) (a:) W “h \/_ 27 27
G
1\ “r Q Q
AG(z,Q%) ~ | = ith = \/ s IV ~188\/ s IV
(z, Q%) (:1;) Wl o = o

BER results at large-N¢ (for both quark and gluon helicity distributions):

BER / 17—|—\/_ /OéS ~ 3.66

For finite Nc and Ny=4 BER have 3.66 - 3.45.




Helicity PDFs at Small-x

1 (87
PDF(z) ~ ( —
X
 The summary of the existing powers of x is
Q? =3 GeV?|Q? = 10 GeV?|Q? = 87 GeV?
Observable Evolution Intercept as = 0.343 as = 0.249 as = 0.18
Unpolarized flavor singlet LO BFKL Pomeron |1+ 28 4]n2 1.908 1.659 1.477
structure function Fa
Unpolarized flavor non-singlet | Reggeon 0.540 0.460 0.391
structure function Fbs
Flavor singlet us (Pure Glue) 0.936 0.797 0.678
structure function g7 BER (Pure Glue) 1.481 1.262 1.073
BER (Ny =4) 1.400 1.190 1.011
Flavor non-singlet BER and us (large- 0.572 0.488 0.415
structure function g{v o

e Similar disagreement exists for OAM distributions at small x.

 However, even the smaller KPS powers lead to potentially important
contributions to the proton spin coming from small x. (next)




Impact on proton spin

* We have attached a AX(z, Q%) = N 2~%" curve to the existing hPDF’s fits

at some ad hoc small value of x labeled x, :

xAu(x,Qz)
0.08} — DSSV14
- — - This work (x¢=0.03)
0.06
— — This work (x7=0.01)
0.04} - — = This work (x=0.001)
0.02
X
xAs(x,Q%)
—— DSSV14
X . — . This work (x,=0.03)
-0.002} — — This work (x¢=0.01)
- = = This work (xp=0.001)
-0.004"
-0.006}
-0.008}

“ballpark”
phenomenology



Impact on proton spin

1
e Defining Az[xmm](QQ)z/ dr AX(z, Q%) we plot it for x,=0.03, 0.01,
0.001: Hman

Az[xmin](QZ)
0.5}

—— DSSV14

0.4} - — . This work (xo=0.03)

0.3} — — This work (x=0.01)

— — = This work (x7=0.001)

0.2}

0.1}

Xmin

1078 107> 1072

 We observe a moderate to significant enhancement of quark spin.

 More detailed phenomenology is needed in the future.



Impact of our AG on the proton spin

« We have attached a AG(z, Q?) = Nz~ curve to the existing hPDF’s fits
at some ad hoc small value of x labeled x, :

xAg(x,Q%)
0.10}
| — DSSV14

0.08; . — - This work (x0=0.08)
0.06} — _ This work (x=0.05)
0_04:_ - = = This work (x¢=0.001)
0.02}

— X

1078

“ballpark”
phenomenology




Impact of our AG on the proton spin

1
* Defining SZmml(@?) = / dz AG(z,Q%) we plot it for x,=0.08, 0.05,
0.001: T

miin

Séxmin](Qz)

0.4f=-==--——==—= o — DSSVi4

: - — - This work (x9=0.08)
0.3}

: — — This work (x=0.05)
0-2_' — = = This work (x¢=0.001)
0.1}

10°  10° 107 i

* We observe a moderate enhancement of gluon spin.

 More detailed phenomenology is needed in the future.



BER approach



Unpolarized Polarized

L v H v
p—k i
k i i
p 4+ k i
| w(PS)a(PS) = %(p —58) |
Trpy"(p — K)y” =~ 8p*'p” Trys$v (P — F)v” =~ —die * Stk;
J(p-P)? N o:2£ g4p'P'ki 2l 9
(2P " COEN
Neglect & in the numerator Either /£ or v is transverse (sub-eikonal)
- Eikonal approximation d%k | integral logarithmic
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Double logarithmic approximation

All-order resummation of small-x double logarithms (cs In® 1/2)"

for helicity distributions
Unlike BFKL, we need to include quark ladders

Unlike BFKL, we need to include %%

non-ladder, ‘Bremsstrahlung’ gluons

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOB@%&

Resummation very hard, but can be done!




Infrared Evolution Equation

= M(s/p*, Q*/ 1)

Double logs (In 5/Q*)*" come from both S
ladder and nonladder diagrams.

They can be organized by keeping track
of the dependence on the IR cutoff p

First, ladder diagrams. Double logs come from
the lifetime ordering region

r3 kr3
T1 > T > T3> - -

L9 kTQ
I £Z9 I3
T T2 T3 ry ko

Kirshner, Lipatov (1983)

o
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The condition N I9 I3 does not mean transverse

L2 > ;l..'“ > L2 > momenta are ordered.
T1 T2 T

s =

]
D

Fr; withany 7 can be the softest momentum krjz; = kp; >

Ty

0 G, dk2, [ da;
F 0 nJ ‘) l 2 . k.g T
dIn p? Olnp? ). k3, | =

\ \

; ) (o
Oln p? /@ ™~ On 2 5
/ T\




Next, nonladder diagrams

The softest gluon can be a nonladder gluon ("Bremsstrahlung gluon’)
attaching to the sides of the ladder.

Double logs arise only when this gluon stretches maximally,

connecting the external legs. & Griboy’s bremsstrahlung theorem

0 ) / dk2 / .
0In p? \N dln p? | 12 f g

—




InfraRed Evolution Equation (IREE) for

polarized structure function Bartels, Ermolaev, Ryskin (1996)

2 2 'y =27

5 g 2 My = ( Bl f)
Fo = =—Mjpy — FsG F "7 \2cr 4c,
0= 0 0T 22 80 + 872w Y Lo

o (12N =T,

2 2c, d 1 RS
g g°LA 2 Cr 0

Fg = < Mg + Fg + F G :( F )
ST 0 Y 82wdw 2w ® ! 0 C4

d _ 0 + d +
d1n p? © Olnp? d1n p?

\
O
dln 2 °
/7 \
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Iterative solution of BER

2-loop anomalous

gz g4 ~~ dimension
— 2_
Fo(w) = ~ Mo + Sﬂrzmg{Mﬂ 4MgGo) )
6 -loop
g 3 2 —
+32H4m5 (MU-I-ZCHMSG{]—ZMSG[]

—2MoMsGo — ZMSGDM[]).

Agrees with the DLA part of the complete 2x2 anomalous dimension matrix

directly computed to 3 loops by Moch, Vermaseren, Vogt (2014)

Final result (4 flavors) Bartels, Ermolaev, Ryskin (1996)

)

AG(zr) = =2.29A%(x) oc ™™




KPS approach



Quark Helicity TMD at Small x

* Analyzing the relevant diagrams we arrive at the quark helicity TMD at

small x,
1

4N, e
gfL(a:,k%) = W /dQCded2ye k- (C~y) /

A2 /s

where G, is the polarized dipole amplitude (defined on the next slide).

 Here s is the cms energy squared, A is some IR cutoff, underlining
denotes transverse vectors, z = smallest longitudinal momentum
fraction of the dipole momentum out of those carried by the quark and
the antiquark —

¢ £

St )




Polarized Dipole

» All flavor-singlet small-x helicity observables depend on one object,
“polarized dipole amplitude”:

A

L

Y

o~
[a—
A
o~
o
Y

Gio(z) = L Re <<T tr {VQVfO”} + Ttr [VfOlVQq >>(z)

2N, / 1

unpolarized quark polarized quark: eikonal propagation,
7 non-eikonal spin-dependent interaction
ig / det A" (27,07, 2)

 Double brackets denote an object with energy suppression scaled out:

(e)e1=s(o)e

Ve =Pexp




Polarized fundamental “Wilson line”

P2+ k

[TI7IT 11

* In the end one arrives at (cf. Chirilli ‘18)

P2 p2+k

S
ypol _ 901 / dz™ V00,27 F™2(x™,z) Valw™, —od]

- S

— 00

gp1

1 _
/ day / dg Vil+00, 23] (7, 2) U7 , o7 [5 ¥t ﬂ BaleT, )t Vyfay, —o].
af
* The first term on the right (the gluon exchange contribution) was known
before (KPS “17), the second term (quark exchange) is new.

* We have employed an adjoint -
light-cone Wilson line Ug[b™,a”] = Pexp

b

z'g/d:c_ At (at = O,x,x):|

a—
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Polarized adjoint “Wilson line”

e Quarks mix with gluons. Therefore, we need to construct the adjoint
polarized Wilson line --- the leading helicity-dependent part of the gluon
scattering amplitude on the longitudinally polarized target.

P2 oy op p2tk b p2—k y D a a

— ..........‘...........‘.......Y.......... >

O . A3 N . O AW 7 7 N

QO S “Xp S O

53 2 g 8

O S kS & S k

O O O O O

S S S S S
+ I @

D1 T To

e The calculation is similar to the quark scattering case. It yields (cf. Chirilli

18)
+oo
ol\ab 27’9]91'— — — 12/ + _ _ ab
(UPen)* = ; dz™ (Ug[+oo, 27| F 2 (zt =0,27,2) Uglz™, —o0])

1

2.+ F
g p _ _ aa’ — _ _ / _ / _
- 1 / dx] /d:z:2 Uz [+oo, w5 | (zy , 2) t* Vg[:(:2 , T | 3 Y st p(x],2) UL [z, —o0] — c.c.

—00 -
Lq
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Helicity Evolution Ingredients

 Unlike the unpolarized evolution, in one step of helicity evolution we may
emit a soft gluon or a soft quark (all in A*=0 LC gauge of the projectile):

0-1 0-2
N e
a a
A A
Z

A1 )\2
00000 I 00000
; \ / b
k k
o o

Z

* When emitting gluons, one gluon is eikonal, while another one is soft, but
non-eikonal, as is needed to transfer polarization down the
cascade/ladder.



Helicity Evolution: Ladders

 To get anidea of how the helicity evolution works let us try iterating the

splitting kernels by considering ladder diagrams (circles denote non-
eikonal gluon vertices):

 To get the leading-energy asymptotics we need to order the longitudinal
momentum fractions of the quarks and gluons (just like in the unpolarized
evolution case) 1> 21> 29> 23> ...

—z3®—~—oz In® s
23 S S

obtaining a nested integral / dzq / dzs dzg 1 1



Helicity Evolution: Ladders

However, these are not all the logs of energy one can get here. Transverse
momentum (or distance) integrals have UV and IR divergences, which lead
to logs of energy as well.

If we order transverse momenta / distances as (Sudakov-[3 ordering)

2 2 2
2l 2B« 212> 20 x5 > 23 i > L.
<1 ; <3
we would get integrals like Tho1,1 Zn—1/%n

2

/ dxm 1
2

xn, 1

also generating logs of energy. |7



Helicity Evolution: Ladders

* Tosummarize, the above ladder diagrams are parametrically of the order

1 3 §)
—a; In" s
S
* Note two features:
— 1/s suppression due to non-eikonal exchange
— two logs of energy per each power of the coupling!



Resummation Parameter

For helicity evolution the resummation parameter is different from BK or
JIMWLK, which resum powers of leading logarithms (LLA)

a, In(1/z)

Helicity evolution resummation parameter is double-logarithmic (DLA):

1
g In® =
x

The second logarithm of x arises due to transverse momentum integration
being logarithmic both in UV and IR.

This was known before: Kirschner and Lipatov '83; Kirschner '84; Bartels,
Ermolaev, Ryskin ‘95, ‘96; Griffiths and Ross '99; Itakura et al '03; Bartels
and Lublinsky ‘03.



Non-Ladder Diagrams

 Ladder diagrams are not the whole story. The non-ladder diagrams below
are also leading-order (that is, DLA).

* Non-ladder soft quark emissions cancel for flavor-singlet observables we
are primarily interested in. Non-ladder soft gluons do not cancel.



Virtual Corrections

In addition, virtual corrections from the unpolarized LLA evolution have
UV divergences, which cancel between real and virtual diagrams. Here the
corrections are not cancelled, but are regulated by the cms energy.

Helicity evolution thus also contains the following types of graphs:




Evolution for Polarized Quark Dipole

One can construct an evolution equation for the polarized dipole:

0
dy
1
larized + Spin- dependent (non eikonal) vertex
polarize —6I8—

particle ,
1 < < < <
similar to [
unpolarized = 2
BK evolution box =
o target shock
+ + + / wave

33



Evolution for Polarized Quark Dipole

B R TR N G N

+ H.

5 abte NRS| MRS | R OUREYS
+ﬁ%+%+%& ’Q_L
+1W+W+w P s

5 ([ ) o = g e

),
X {9(3310 — T91) Ni <<tr [tb Ve V"in] Uy° olba >>

1
+ (2792 — 23,2") N <<tr [tb Vo Pt Ve lq i b >>
1

+ 0(x10 — x21) — N, [<<tr [Vunp Vunpq tr [Vgunp Ve ZT] >> (") — N <<tr [Vgunp V1pOH] >> 3(5/)} }

/dz /dzxg
27T2 T3,

Equation does not close!




Polarized Dipole Evolution in the Large-N_ Limit

In the large-N, limit the equations close, leading to a system of 2 equations:

0 0
Loz,21(2) So2(2) Sf)?(Z)
0 Gm(z) = 9 + e + e - R Lor21(2)
hlZ z — z Sgl(Z> G21<Z) = G12<2) =
1 — 1 LI LI
0 0
p Toz,32(2") Sos(2') Soz(2')
RN 1?2 F02,21(2 ) — 3_)_|:| + _D_‘ —+ _)_—<— — : Too.32(2")
J N Sy3(2') G(2) Gas(?')
- o e — = — O —
1 1
z 2 m%od 5
0 as N, 2 51
Gio(z) = Gy (2) + 82 - , / 5~ [2T02,21(2") S21(2) + 2 G21(2") So2(2")
T z Iy
Zi p/2
+G12(2") So2(2") — Tor,21(2")]
5 min{xgz,xgl z//z//}
0 o N, dz" dx?
Toz,21(2") = Tl 01 (2') + 82 : 7 22 [2T03,32(2") S23(2") + 2 Gs2(2") Sos(2")
T y4 , £L‘32
ZI p//

+ Ga3(2") S03(2") — Toz,32(2")]
S = found from BK/JIMWLK, it is LLA A 02,32 35



“Neighbor” dipole

 There is a new object in the evolution equation — the neighbor dipole.

* This is specific for the DLA evolution. Gluon emission may happen in one
dipole, but, due to transverse distance ordering, may know’ about
another dipole:

2 / 2 /!

* We denote the evolution in the neighbor dipole 02 by FOQ 21 (z/)



Quark Helicity at Small x

* These equations can be
solved both numerically
and analytically.

(KPS “16-"17)

Log[G(s10,7)]

asN.

T

510 =

2

* The small-x asymptotics of quark helicity is (at large N,)

Ag(z, Q%) ~ (

1

X

o,
) with «

q __
B =

4 SNC S C
@ ~ 2.31 as IV
V3V o 2r V 27



Conclusions

* We conclude that the small-x asymptotics of gluon helicity (at large N,)
IS

G
1\ %" _
AG(z, Q%) ~ (E) with of = 41\% 5 ~ L o

while the quark helicity asymptotics is

1\ “n , 4  [ag N, [ag N,
Aq(x,éf) ~ (E) with af = ﬁ = ~ 2.31 5

* AG can be further measured from A, in pp and at EIC. One may use our
approach to combine experiment and theory to constrain the quark and
gluon spin (and OAM) at small x (in progress, a long-term goal).

* Preliminary results indicate a possible enhancement of quark and gluon
spin as compared to DSSV.



OAM at small-x



'PDF’ of OAM

Define the x-distribution L.,, = /decan(x) : Hagler, Schafer (1998)
Harindranath, Kundu (1999)
YH, Yoshida (2012)

L9 (z) = /dzzud?m(li X E1). Wz, b1, k1)

can

Wigner distribution

Not a usual (twist-2) PDF.
It’s a twist-3 PDF, similar to ¢2(x).

40



YH, Yoshida (2012)

Twist structure of OAM distribution

Wandzura-Wilczek part

e(x) dz’ , , e(x) dr' -~ ,
L) =2 [ S ) + By — o [ )

x! J T

€(x) 31—
/ d.ll/ dro®p(x1,r2)P— l.l %_2 5
- r{(r1 — x3) genuine twist-3

e(z) 1
/ d.L1/ (I.LQ(I’F(.ll r9)P— .
2 ri(r1 — x2)

bp ~ (P|oy* FHy|P)
Mg ~ (P'|FT*FYFP)

r (€@ dr ) dp
LY, (z) = / 2 (Hyw) + Byle)) — = / NI

III

e(z) d.E e(z) 1 B 1
+2.L'/ /del)F X .c')+2.c/ d:z:1/ dro Mp(z1,T2)P—
- 1 zi(z1 — z2)
201 — T9

z3(z1 — x9)?

e(z)
+21;f d.El/ d~52ﬂ/fF(‘E1"52)p

41



QCD evolution of OAM distributions L, ,(x)

Hagler, Schafer (1998)
Harindranath, Kundu (1999)
Hoodbhoy, Ji, Lu (1999)

Pyy(z) = 6(22( 1__ZZ+)+1)2 + %5@ _ 1)

APy () = Cp(z2 — 1), Valid only for the

Alyy(z) = ny(1 =32+ 42" = 2%). Wandzura-Wilczek part
AP,y(2) = Cp(—=2% + 32 —2),

A]A)gg(z) =6(z—1)(z* -2 +2),

42



OAM at small-x - -

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

From angular momentum conservation, spin and OAM of the emitted gluon have
to cancel.

d | (Vs dz
Ar) = — —(—2C'% .
d In QQ L.‘f{_ L ) I ‘/J' ( F )Aq /Z)

d a. [Ldz
i(z) = — 2C
T gEAG() = ),/ 2 (4205 + - )Aq(/2)



1-loop DGLAP evolution

YH, Yang (2018)

Almost complete cancellation of angular momentum
between helicity and OAM

20 ““““““““ 7]
; Q2 — 10GeV? el ]
10 // AG(x)
e
o= -~
gy
—-10 7 La(Y ~,
Do ™ L9(z)
-2 U




All-order argument

Start from the exact formula Hatta, Yoshida (2013)

@) gy
L9, () = / d,Q(H («') + Ey("))

~ 1
d:cgl\-’fp (:z:1 " :CQ)p 3

zi(z1 — z2)

Assume that the helicity term dominates on the rhs
(in the spirit of double-log approximation)

|
|f .A(rl X I ~ — then Lg(;‘l.‘.) ~ —

o | 1+« ()
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Generalizing IREE to the OAM sector

Boussarie, YH, Yuan (2019)

2

g s 2
Fo=—Mgqg— FaG F
0= W 0 2722 ° U+8:T3m 0
, 2
g g°Ca d 1
Fg = < Mg + Fs + F
5 I, 8 84w dw ; 872 8

The same coupled equations, but now with 4x4 matrices.

Cr —2Ty 0 0 Cg O 0 0 —1/2N; —'Jr_lr 0 0

_ 2CF 4C4 0 0 - 0 Cahp 0O 0 Me = Ca 2C4 0 0
Mo = —Cr ETJ' 0 0 Go= { 0 Cg 0 : 1/2N, Tj 0 0
Ca 0 0 0 Cy4 —Ca =204 Ca Cy

20 —=4Cy 20 2

#
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Exact solution

A A
Fixl g Mixe (Bl BE) < Bartels, Ermolaev, Ryskin solution
1 2
E A A, 0 0) =D
ax4 _ & 1 4x4 B L 0 O
o = (0 Mo -A1 —Az 0 0 X(—2)
—2By —-2B, 0 0

Final result ny — 4

—345 /%l 1

AG(X)~ =2.29A2(X) X X TR
1.

Le(x) =~ =2AG(X), AZ(X)~ —Lg(x).
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Quark OAM: Definition

* We begin by writing the (Jaffe-Manohar) quark OAM in terms of the
Wigner distribution as
[ / d?b, db— d?*k | dkT
) (2m)°

(bx k). W(k,0b)

with the quark SIDIS Wigner distribution

.SIDIS (f p) = 9 rdr= e*" (), (b—1r) V b~ — ir~,00] |X) (577
1%% 5 b 2 2 ap
X

l’r‘
2_
x (X| ‘/Q+%£ [oo,b_ + %r_] (o (b—i— %'r)>

 Here, and above, the angle brackets denote “CGC averaging” in the
(polarized) proton target:
p- é>
2

A 1 d>AdAT A Al 4
<O(b, r)> = 557 ) e <P + 5‘ O(0,7)




Quark OAM: small-x expression

» After some algebra we arrive at the following small-x expression for
quark OAM:
I 1

8N, kg L k dz _
Lora(®. @) = 555 / Py e oy o T2 x5 gk / — Guo(zs) = ) _[Aq! (2,Q%) + A¢/ (2, Q%))
- f

A2/s

e The result is written in terms of the polarized dipole amplitude G, (z). It
seems we are done, right?

e This is almost correct. The remaining minor technicality is that the
above quark OAM depends on the “first moment” of the polarized
dipole amplitude

I"(xq9,28) = /d2x1 ¥ G1g(2s)

while all our earlier results for the quark helicity were derived for the
“zeroth moment”, the impact-parameter integrated polarized dipole
amplitude

G (3., 25) = /d2x1 G1o(zs)



Quark OAM: small-x asymptotics

* |t turns out that the “first moment” of the polarized amplitude is
subleading. It grows with energy as a smaller power of energy

asNc
27

I* (219, 28) ~ (zsxfo) °

than the flavor-singlet quark helicity distribution
2 2 2 1) 1\ vs VS 1 231/ 257

x x x
f

e Since 2.31 > 2, we get (cf. Y. Hatta & D.-J. Yang, 2018)

X

Lgtg(z,Q%) = —AX(z,Q%) ~ (

* Note that this is not a complete cancellation, the contribution to the
proton spin is

% AE(xv QZ) T LC]-HY(CU? Qz) — _% AE($7 Q2)



Gluon OAM: definition

* The gluon OAM story is similar. We start with the Wigner distribution
definition

7 _/dszdb_ d?k, dk™

oL (b x k), W(k,b)

with the dipole Wigner distribution for gluons

WGdip(k’b) _ df_ d2&_ eia;P+ £ —ik-g

r Pt

x (tr [F*(6— 5 UM — 16,6+ 3¢ Frio+ 20 up+ 3e.b— 34 )

* We obtain the following expression for the gluon OAM “PDF” (cf. Hatta
et al, 2016)

4
(2m)3 x

LG(CEJ Q2) — /d2bj_db koJ_ dg_ d2€J_ (I_) X E) eiwp+ 5__Z'E'§

< (o [FHo - UMb - L6, b+ 2 PR+ 30 Ul b+ 4¢ b - 3¢]])



Gluon OAM: small-x asymptotics

 We arrive at the following relation
q 2
o [, @ 2
LG(.??,Q )_ ( 4 In AQ) AG(.@,Q )

where
4 043 N,

ai 7

* We conclude that

Lo(e.@%) ~ A6 ~ (1)~ (3) ~(3)

X X X

* Note that with the DLA accuracy we could also simply conclude that

’Lg| < |AG|



Conclusions

* We have constructed the small-x asymptotics of the quark and gluon
OAM (in the Jaffe-Manohar decomposition).

* In the large-N¢ limit we obtain

Lisa(e. @) =-a3@@) ~ (1)

Lo(e. @) ~ 26,02 ~ (1) 7
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Proton Spin Puzzle

e Current experimental status
of helicity PDFs

e OAM
e Lattice results

e Small-x

* What is the roadmap to
solving the spin puzzle




[C. Alexandrou et al., Phys. Rev. Lett. 119, 142002 (2017), [arXiv:1706.02973] ]

Better underStanding of
the spin distribution
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Spin decomposition
[C. Alexandrou et al., Phys. Rev. Lett. 119, 142002 (2017), [arXiv:1706.02973] ]
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What forms the Spin of the Proton

Spin is more than the number = | It is the interplay between
the intrinsic properties and interactions of quarks and gluons

total gluon angular
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Where does the Spin of the proton hide

I3 s &L
Helicity sum rule: glion  angular
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