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The Proton Spin: A Window to QCD
on

* Like the atom, the proton is an elementary
bound state of a fundamental force of nature
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The Proton Spin: A Window to QCD

on: Reality

* Like the atom, the proton is an elementary
bound state of a fundamental force of nature

* Unlike the atom, proton structure is complex
and nonperturbative

» Complex origin of the proton spin

* These differences reflect the richness of QCD
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The Proton Spin Budget in QCD

Jaffe and Manohar, Nucl. Phys. B337 509 (1990)

Jaffe-Manohar Spin Sum Rule: % =S, +Sg + Ly + Lg
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The Proton Spin Budget in QCD

Jaffe and Manohar, Nucl. Phys. B337 509 (1990)

Jaffe-Manohar Spin Sum Rule: % =S, +Sg + Ly + Lg

4 1 N
* Quark Polarization: S,(Q?) = % > /dx Aqs(z, Q%)
£.f 0
dr— . +.- — 4.5
Aqe, Q%) = [ S (pSu| (0 U, 1] T7° () [pSi)
N /
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The Proton Spin Budget in QCD

Jaffe-Manohar Spin Sum Rule:

Jaffe and Manohar, Nucl. Phys. B337 509 (1990)

s =S+ 5S¢+ Ly+ Lg

-

* Quark Polarization:

dr—

Aq(z, Q%) =

-

2T

Sq(Q

?) = % Z /dquf(x,QQ)

Lo

+ .5

ar _ izptr- <pSL‘ DH(0) U0, 7] 2 2 ap(r) ‘pSL>
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« Gluon Polarization:

/
~

0
AG(z, Q%) = — 2 / dr— eieP T <pS e tr {FH(O)U[O r] 9 (r) U [r O]} ‘pS >
’ rpt ) 27w it ’ ’ v
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What Do We Know?
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 Data constrains the polarization at large x

: . . 2
* Access to low x is always limited by finite energy . Q_
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 Data constrains the polarization at large x
: . . . 2
* Access to low x is always limited by finite energy . Q_
» But need to integrate down to x = 0...

> Need a theoretical basis to extrapolate
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PDFs and DIS at Small x

:
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» At small-x kinematics, the proton is highly Lorentz-contracted

* Scattering described by Wilson lines: eikonal color rotations
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PDFs and DIS at Small x

Vz = Pexp [z’g/dz_ A“L(O“L,z_,:g)] ’Y* M<:: §§ § :>’VM/
N5 & N
1 > >
510(23)5<ﬁtr[ 20 ml](zs)> b= \/ .S g . U ]
LO QQNC d2$10 dZ 2
vy (2, Q%) = 2m2agy J 4mz(1l — 2) Z 5 @0 2)] /delO (L= Sho(z9))

LT

At small-x kinematics, the proton is highly Lorentz-contracted

Scattering described by Wilson lines: eikonal color rotations

Natural degrees of freedom: color dipoles / quadrupoles / etc.
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QCD Predicts the Small x Spectrum

« High energies open a large logarithmic as < 1
phase space for soft radiation AY ~1In g ~In 1>1
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QCD Predicts the Small x Spectrum

« High energies open a large logarithmic as < 1
phase space for soft radiation AY ~1In g ~In 1>1

« BFKL/BK/JIMWLK evolution: £, ™ M

SN [ d 1
Sio(z8) = 10 (28) + - - /d2£€2 (— - 29621 517220 + T)

$21 5’321 L0 L0

1 <tr[V£2 Vgl] tr[Va, V£2]> — 510(2’8)]

X[N2

z's
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QCD Predicts the Small x Spectrum

« High energies open a large logarithmic as < 1
phase space for soft radiation AY ~1In g ~In 1>1

« BFKL/BK/JIMWLK evolution: £, ™ M

SN d 1
Sio(zs) = S{0 (25) + = : / A, (— — 222 o0 T)

$21 5’321 L0 L0

1 <tr[V£2 Vgl] tr[Va, V£2]> — 510(2’8)]

. [N2

z's

 Leading-log resummation leads .
asln = ~1
to power-law growth S

2 1\ap—1
> Onset of the high-density regime rq(z, Q%) ~ (3)
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Polarization at Small x

* The leading small-x behavior is the
radiation of soft unpolarized gluons

» What is the spectrum of polarized radiation
enhanced by a large logarithmic phase space?
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Polarization at Small x

* The leading small-x behavior is the
radiation of soft unpolarized gluons

» What is the spectrum of polarized radiation
enhanced by a large logarithmic phase space?
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Polarization at Small x

* The leading small-x behavior is the
radiation of soft unpolarized gluons

» What is the spectrum of polarized radiation
enhanced by a large logarithmic phase space?

S L.O. d 10 dz 9 2 2 1
ZEAq ( = aEM Z/ 47‘(‘2: 1 — Z |A\I/f(x10,z)‘ /d blO [;Gm(zs)]
e Polarization transfer is suppressed d Ag Born 1
~ C ~y —
by one power at tree level. d2b s
» Sensitive to quark and R -
. g
gluon exchange N % :
0 66156 0
+ perm’s
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Polarization at Small x

* The leading small-x behavior is the
radiation of soft unpolarized gluons

» What is the spectrum of polarized radiation
enhanced by a large logarithmic phase space?

S L.O. d 10 dz 9 2 2 1
ZEAq ( = aEM Z/ 47‘{'2: 1 — Z |A\I/f(x10,z)‘ /d blO [;Gm(zs)]
e Polarization transfer is suppressed d Ag Born 1
~ C ~y —
by one power at tree level. d2b s
» Sensitive to quark and R -
= g
gluon exchange N % :
0 00QO0 0

» Resummation can lead to

+ )
enhancement, not growth berm
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Dipole Degrees of Freedom
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Dipole Degrees of Freedom

gl (o, k) = / drdr™ =T (P |0 U] T () [P.Se), .
* Fix the “wrong” A-—0 b (r) I v
light-cone gauge . ‘

U0, =V, 107,007 |V, [00™ 7] |
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Dipole Degrees of Freedom

gl (o, k) = / drdr™ =T (P |0 U] T () [P.Se), .
* Fix the “wrong” A-—0 b (r) I v
light-cone gauge . >
— V-l-
U0, 7 = Vo, 07,007 Vi, [oo™, 7] L v
~ 1
pt

 Atsmall x, the separation of the fields is much larger than
the width of the target -- “shockwave” approximation
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Dipole Degrees of Freedom

+ A0

2 — JizPTr™ r T
o1y (e ) = / Prar ¢ B P S 50) U, T 00 PS8, .
* Fix the “wrong” A-—0 b (r) I v
light-cone gauge . >
— O V-I-
U0, = Vo, [0, 007 Vy, [o0~, 7] L vo
1
pt

 Atsmall x, the separation of the fields is much larger than
the width of the target -- “shockwave” approximation

) Dominant ContribUtion: pOlaI‘iZEd Unpolarized Wilson line
propagator in the background fields v | o

.

d >
> Dipole DIS EIR

Polarized propagator
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“Polarized Wilson Lines”

d
gl X kT © d2$ dZJIO d*rie —ik L (Fo 1 —Tor 1) ToLl
f >
("”“ — 7)) (Fou —T) 28 < [ polT} > .\ To’ L |
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Polarized dipole

« Helicity is governed by a spin-dependent dipole operator
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“Polarized Wilson Lines”

d
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Polarized dipole

« Helicity is governed by a spin-dependent dipole operator

» Polarized gluon exchange: g g g é g g
. + 0 k
V£’°l _ WP / dx™ Vy[+00,27] F2(z™,x) Velx™, —oo] ”
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“Polarized Wilson Lines”

d
gl X kT © dQl’ d21‘0 d*rie —ik L (Fo 1 —Tor 1) ToLl
f >
("”“ — 7)) (Fou —T) 28 < [ polT} > .\ To’ L |
tr VoV, . | . )
x (370_.%1)%« (.TO/ —,1;‘1)% 2NC r 0v1 +CC leﬂ
L ]
U

Polarized dipole

« Helicity is governed by a spin-dependent dipole operator

» Polarized gluon exchange: g g gég g
Vfol _ @ / dx™ Vy[+oo, x| F*2 (27, z) Vp[z~, —o0]

S

— 00

> Polarized quark exchange (new): g g L%

0

2.+ F

9*p _ _ _ _ L
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Evolution: the Background Field Method
| . I/ . 11 g,

eikonal
0 0

+ 2 4'— k‘m}q : + other eikonal diagrams
- . o
B L
Ty

0~ Ty

= o
o s
=
i
= ]

* Arbitrary division between “fast quantum”
modes and “slow classical” modes Al () = A" () + a ()

> RG evolution in rapidity regulator
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Evolution: the Background Field Method
| . I/ . 11 g,

eikonal
0 0

+ 2 4'— kééﬁm%kz : + other eikonal diagrams
- . o
B L
Ty

0~ Ty

= o
o s
=
[
ME
= e

* Arbitrary division between “fast quantum”
modes and “slow classical” modes Al () = A" () + a ()

> RG evolution in rapidity regulator

» Expand to lowest order in quantum fields

_ _ _ | |
I tr [VQ Vi[—oo, 7]V X a(z],2;) Vi[z] ,oo]} I+ 11 tr [Vg Vi[—oo, 21|V x a(xy,zy) Vilzy, OO]}
| |
I/ . tI‘ |:VQ Vl[_OO, 371_] z X Q(ajl_?gl) Vl[$1_7 OO]i| + (XX}
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Emergence of Double Logarithms

» Compare eikonal gluon radiation for unpolarized PDFs

Lo 1 1

- / dz’' 1
Lo + gmba% _— ”C.C.” / 7 /d25l72 <x_%1) <mtr[VQV£]tr[V2V£] — ﬁtr[VQV£]>
a é 5 2 ‘ ’
A

=1
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Emergence of Double Logarithms

» Compare eikonal gluon radiation for unpolarized PDFs

%é%%% + éé@% . /dz /d2x2 <—) <—tr VoVy e [VaV; ]—Nictr[vgvf]>

> Versus polarized PDFs:

. @6%%% + gﬁmbb% + “c.c”
[ [ () [ varmomail),, - & (),
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Emergence of Double Logarithms

» Compare eikonal gluon radiation for unpolarized PDFs

x [ d 1 1 1
Ly 4 @% bl /7/d2x2 <m_%1) <mtr[VQV£]tr[V2V£] - ﬁtr[VQV£]>
:Ulé g A2 ‘ ’

S

> Versus polarized PDFs:

L

d% / s (%31) {Zéz <<tr[Vw_zV$H] tr[Vx_OVJQ]>>(Z,S) N Nic <<tr[V“’—°V£10H]>><z's>}

i i
Singular as Yes! Interactions do not cancel.
Xy — 07 (More quantum numbers than just color)
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Emergence of Double Logarithms

» Compare eikonal gluon radiation for unpolarized PDFs

0 A [, 1 1 ; ool ;
X 5 c c
A~

£1

> Versus polarized PDFs:

Al A
/Zd_zz’ [dz% (le){ N2 <<tr[v VE] tr[VmOVJ2]>>(Z /s) J\lfC <<tr[VxOVg§’f”]>>(zls)}

A2
ry i
Smgular as Yes! Interactions do not cancel.
Xy — 07 (More quantum numbers than just color)
. 2
» Generates double logarithms: asIn® =
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The Double-Logarithmic Phase Space
I 0 ! 0 eikonal

~ 0
2
2 + ky ko
< 65]88 < 1 1
L
Ty 0~ Ty

* Double logarithmic phase space is more sensitive to
details of the transverse plane

0
1
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The Double-Logarithmic Phase Space
I 0 ! 0 eikonal

~ 0
2
2 + ky ko
< 65]88 < 1 1
L
Ty 0~ Ty

* Double logarithmic phase space is more sensitive to
details of the transverse plane

2 2
T; X zz-Aa?? Ti > Titl = AT > 2401077,

0
1

> Lifetime ordering, normally NLO, is a leading effect
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The Double-Logarithmic Phase Space
I 0 ! 0 eikonal

~ 0
2
2 + k’l ko
< 65]88 < 1 1
L
Ty 0~ Ty

* Double logarithmic phase space is more sensitive to
details of the transverse plane

2 2
T; X zz-Aajf Ti > Titl —> ziAxi > zi+1A$i+1

0
1

> Lifetime ordering, normally NLO, is a leading effect

> Evolves toward DGLAP-like phase space: Ax? | < Ax?
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The Double-Logarithmic Phase Space
I 0 ! 0 eikonal

~ 0
2
2 + k‘l /CQ
< 65]88 < 1 1
L
Ty 0~ Ty

* Double logarithmic phase space is more sensitive to
details of the transverse plane

2 2
T; X zz-Aajf Ti > Titl —> ziAxi > Zi+1A$7;+1

0
1

> Lifetime ordering, normally NLO, is a leading effect

> Evolves toward DGLAP-like phase space: Ax? | < Ax?

* Also restricts leading region to linear evolution
» Drive toward small distances

» Nonlinear (saturation) effects destroy transverse logarithm

» Double-log evolution is analogous to polarized BFKL
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Closed Equations at Large Nc

 Operator hierarchy: closes with large Nc or large Nc + Nf
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Closed Equations at Large Nc

 Operator hierarchy: closes with large Nc or large Nc + Nf

> 0
2
kl :ZCQ
< 1
Ty 0~ Ty
\ ]
i

Constrained by lifetime of x5,
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Closed Equations at Large Nc

 Operator hierarchy: closes with large Nc or large Nc + Nf

no =

j So2(2)

Ggl(z)

>
=
I
Y

4

o

V)
=

Further evolution

Constrained by lifetime of x,, of x,, dipole
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Closed Equations at Large Nc

 Operator hierarchy: closes with large Nc or large Nc + Nf

0

' S(]Q(Z) FUQ,Ql(z)
ki oy j o + o) T

d 1
T 0~ Ty

no =

Further evolution

Constrained by lifetime of x,, of x,, dipole

Evolution of x,, dipole
is constrained by x5,
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Closed Equations at Large Nc

 Operator hierarchy: closes with large Nc or large Nc + Nf

, 0 0
Soa(2) Lo2.21(2)
2
ki ke j —— + , R
m 1 GQI(Z) Z‘ SQ](Z)
Ty 0~ Ty 1
\ ] '
. T Further evolution Evolution of x,, dipole
Constrained by lifetime of x,, of x,, dipole is constrained by x,,

* Even at large-Nc, leads to a system of coupled equations
with auxiliary “neighbor dipole” functions

aSN dz dx?
G(ﬁm Z) — G(O) (55%07 ) / .CC = 3710,11321, ) + BG(I217 )]
21

xlos

,/ min (35,23, z”]

A d 1" d
D(ado, a3y, 2') = GOty ) + = [ = / ‘””32 (22, 225, 2") + 3G (225, 2")]

37108
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Solution: the Quark Helicity Intercept

. . InG
 After a few units of evolution, ; r
° . 4
an emergent scaling sets in: " et
73 “‘
G(2%,258) ~ G(zsz?) ““,n
4
In(zs2%)
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Solution: the Quark Helicity Intercept

. . InG
 After a few units of evolution, ; r
° . 4
an emergent scaling sets in: " et
73 “‘
G(z?%, z8) ~ G(zs z2 & 1t
L + . 3t
s

. . . 70 3“ 2
» Observation: characteristic of a 1 In(zs 27 )

collinear regime

2 _ 1 2 2 1
L] = o2 zs:% — (zsazL):E
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Solution: the Quark Helicity Intercept

. . InG
« After a few units of evolution, ;

an emergent scaling sets in: " ot

G(x3,25) ~ G(zsx?) § ot

» Observation: characteristic of a T
collinear regime
2
CE%_ — é Z8 = Q — ( 2 ) _ 1

x

» With scaling, the large-Nc evolution can be solved analytically
using Laplace-Mellin techniques:

G(a?,25) ~ (z8)%h T

q q,S 4 O‘ch

gl(x,k‘%)w( )ah - Qp =3 o™V = /2

as N,
27

8|~

q

Aq(z, Q%) ~ (L)™

S

—
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Gluon Helicity Operators

_9i [ de d2¢
z P+ / (27)3

G

g (z. k) = k€ (P, S| el tr [FH(0)U[0, &) FH (&) U'[E, 0]) [P, SL)er -

* There are multiple gluon distributions, corresponding to
different choices of gauge links
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Gluon Helicity Operators

_9i [ de d2¢
z P+ / (27)3

G

g (z. k) = k€ (P, S| el tr [FH(0)U[0, &) FH (&) U'[E, 0]) [P, SL)er -

* There are multiple gluon distributions, corresponding to
different choices of gauge links

”DipOIE” _
F*(¢) Ve

o <
Fri) Vv
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Gluon Helicity Operators

_9i [ de d2¢
z P+ / (27)3

gtz (@, k7) = k€ (P, S| el tr [FH(0)U[0, &) FH (&) U'[E, 0]) [P, SL)er -

* There are multiple gluon distributions, corresponding to
different choices of gauge links

"Dipole” "Weizsacker- N
F(€) Ve Williams”  F7@]| %

>
>

® < @ =S
F(0) VOT FT(0) VOT
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Gluon Helicity Operators

_9i [ de d2¢
z P+ / (27)3

gtz (@, k7) = k€ (P, S| el tr [FH(0)U[0, &) FH (&) U'[E, 0]) [P, SL)er -

* There are multiple gluon distributions, corresponding to
different choices of gauge links

"Dipole” "Weizsacker- N
F(€) Ve Williams”  F7@]| %

>
>

® < @ =S
F(0) VOT FT(0) VOT

* Expand the field-strength | - |
operators to lowest FT= 0T AL —0"AT —ig[AT, AY]
nonvanishing order: ' ' '

Sub-Eikonal Eikonal Sub-Eikonal

> Leads to different operators for dipole vs. WW gluon helicity
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Gluon Helicity Operators at Small x

* Dipole gluon helicity:

—43

G ds ik-x i ij ol T\J
P W /d2$10 d2b10 et Lapap k'J_EZZ { <tI‘ [VQ (Vf T)ﬂ_}> -+ C.C.}

g1, (z, k?r) =

+o00
(‘/é?Ol)iL = /daz— Vg|+oo, 27 ] (igPJr Ai(x)) Velz™, —o0]

— o0
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Gluon Helicity Operators at Small x

* Dipole gluon helicity:

G di —4 ikzyo 1.4 ij ol 11
g P (2, kF) = ) /dQﬂUlo d?byg et EZ0 | e { <tr [VQ(Vf T)ﬂ> + c.c.
+o00
V2= [ de Vilboo,a™) (ig PP AL () Vale™, —od

*  Weizsacker-Williams gluon helicity:

4 . 9
VPO vt v -~V

glGLWW(xv k%) — m /d221310 d2b10 eik'glo Eéz <t1"

+ C.C.>

M. Sievert Small-x Helicity and the Proton Spin 16 / 21




Gluon Helicity Operators at Small x

* Dipole gluon helicity:

i —4 ik, 1 0] ol 1
g (. kF) = 227 /d2$1o d?byg et EZ0 | e { <tr [VQ(Vf ”)ﬂ> + C.C.}

+o00
(VQPOZ)Z'L = /da:_ Vg|+oo, 27 ] (igPJr Ai(x)) Velz™, —o0]

*  Weizsacker-Williams gluon helicity:

4 ) . ) 0
GWW 2N 2 2 ik-x 1] pol\i T T
k5) = ——— d d“b 2E10 t V VAR —V
G (0 ) = gy [ P e < L Q<a<xo>i Q)

+ C.C.>

* Requires azimuthal correlations to survive multiple scattering

» C.F. — Axial vector current for quark helicity

> It is possible for gluon polarization to get washed out
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Evolution: Dipole Gluon Helicit

IV v/ /

0 0 V Ty 0 xy V 0

2 2
k1 ko + ki ko ky ko 2 + ky ko 2

Ty 0" 2y xy 0" 3 ot = 0 v
eikonal
0
2 . .
+ ky ko + other eikonal diagrams
@ 1
Ty 0~ Ty

* In this evolution, there is an external direction present
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Evolution: Dipole Gluon Helicit

A% v/ v

= [} je=)
=
|
;z?
Eo
N
= [} (=]
>~
o>
&
= [N)
—

mk‘z k1 ko 2
2 - i 1 D—1
3 0 T3 1 0 962 ot 0 - Pt

eikonal
0
2 . .
+ ky ko + other eikonal diagrams
() 1
Ty 0~ Ty

* In this evolution, there is an external direction present

. , as N, / dz’' 1 Gij x J 1 a ol\ba
(6GE )iy (28) = (6Gi )1y (28) = E / Ay In — r(T21)) << St [vgt Vftb] (Ugehy? +c.c.>>(z/s)

472 21A I%l ¢
A_2
i i a,N, [ d 1 el(zn)) 1 ay,T4b ol\ba
(0Gi)v(z8) = (0G0 (e) = =S5 [ S [P g TR Lo [V #] (03 + e (')
A2
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Evolution: Dipole Gluon Helicit

IV IV/ V B = V/

0 0 Ty 0 Xy 0

2 2
kq ko + k1 ko + k ko 2 + ky k2 2

T 0 Ty T1 0~ >y e 0 0 oy
eikonal
0
2 . .
+ ky ko + other eikonal diagrams
@ 1
Ty 0~ Ty

* In this evolution, there is an external direction present

i i _ Oéch r dz’ 2 1 6;2(.@21)‘1 1 avsT.b pol\ba /
(0GTp)1v(zs) = (6Gip)iv (2s) = 12 ” /d x2 In P << N2 tr [Vgt Vit ] (U37) + c.c.>>(z s)
A2

i _ (s _aslNe [d [, 1 ef(z0)) f 1 ay/tb] (prpolyba :
(0GYg)v(zs) = (0GTy)v/ (zs) ==z v /d xo In Py ——y << e tr [Vgt Vit ] (U37)™ + c.c.>>(z s)
A2

C

» Quark helicity evolution mixes into gluon helicity, but the
transition is not double-logarithmic.

M. Sievert Small-x Helicity and the Proton Spin 17 / 21




k » Mixes in quark helicity evolution
f% > Single-logarithmic transition

M. Sievert Small-x Helicity and the Proton Spin 18 / 21




k » Mixes in quark helicity evolution
f% > Single-logarithmic transition

> Preserves dipole gluon helicity evolution operator
£ 18 » Double-logarithmic evolution

M. Sievert Small-x Helicity and the Proton Spin 18 / 21




k » Mixes in quark helicity evolution
f% > Single-logarithmic transition

> Preserves dipole gluon helicity evolution operator
£ 18 » Double-logarithmic evolution

« However, the initial conditions for gluon helicity are
suppressed by a logarithm compared to quark helicity

» One transition to quark helicity evolution is leading

M. Sievert Small-x Helicity and the Proton Spin 18 / 21




k » Mixes in quark helicity evolution
f% > Single-logarithmic transition

> Preserves dipole gluon helicity evolution operator
£ 18 » Double-logarithmic evolution

« However, the initial conditions for gluon helicity are
suppressed by a logarithm compared to quark helicity

» One transition to quark helicity evolution is leading

» Unpolarized small-x emissions are isotropic
> Real emissions wash out directional correlations
> Depletes gluon helicity during evolution
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Dipole Gluon Helicity at Large Nc

0 ach 1 al 1
Gl 25) = G (a2, 25) - ( G0 (et
ozSN dz’' dx?
/ / 2l F2($10733§1a Z's),
0 asN. 1 al 1
To(z1g, 731, 2'5) = Gg )(55%072/5) - < 3 a—hG0> (ZIS x?o) " In 10/

/
. 2 2 Z
min |xyq, Loy 77 27

ozsN dz” da:

$31

2!s
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Dipole Gluon Helicity at Large Nc

agsN. 1 al
Gg(aﬁo,zs) = Géo)(azfo,zs) — < Sl Go) (zs xfo) " In
h

$10A

1

z /ﬁ1730 2
asN, dz al:tj21F 5 o9
YR 2 2(219, 731, 2'8),
21 z T
/ 21
s 2's

m2
10
0), 2 1 asNe 1 12\ 1
To(2?y, 22,.2's =GO (z2 ) — —Go | (s In
( 107 +21> ) 2 ( 10 ) 37 CYZ ( 10) xlOA
/
o min xfo,mglﬁ
" 2
B as N, dz dxsy Ty 2 2 )
9 m —2 12(T10, 231, % S)-
T z x5,
1
IL‘2 S 2s
10

* Can be solved analytically using Laplace-Mellin techniques

Ga(ah 25) ~ (28)"F
G, dip 2 1 ozf
g7 (. kr) ~ (3) e 13 [a N,
— 18 —
AG(r, Q) ~ (1) CoAEl
OLG
O k) ~ ()
Small-x Helicity and the Proton Spin 19/ 21
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Some Crude Phenomenolog

Quarks

NA 1 LLLLLL L R LY I |||||I'I'| LELELRLLL llllllTI T llllﬂTF
o |
X | EIC projections: — DSSV 2014
Q 08 | B Vs=77.5GeV with 90% C.L. band |
L B+ Vs = 1227 GeV DSSV 2008
< 90% C.L. band
-5 - N +s=141.4GeV
X
0.6 —
[ 20 =0.03
04 rFzo=0.01 -

O
)
S
X

DSSV14

o
o

- -5 4 R
X .
‘ min J

adapted from Aschenauer et al., Phys. Rev. D92 (2015) no. 9 094030

> Predict enhancement in quark/gluon spins from small x

M. Sievert Small-x Helicity and the Proton Spin 20/ 21




Some Crude Phenomenolog

Quarks Gluons

4 N 4 —
1.5 T TTTTT LLLELLL LILLELLLLL T T1TTT _D V14
NA 1 T LELRRALL T |||||I'I'| LELELRLLL llllllTI T llllfl'l" | |T| |T| l SS
O,' B . — - This work (xo=0.08)
X | EIC projections: — DSSV 2014 -
Q 08 - mm Vs=775GeV With 90% C.L band | | TR — — This work (x9=0.05)
~ L Vs =1227GeV gﬁ%}’éﬁ?g _ | bloaf=====—m——me =
O B s = 141.4 GeV S - — — This work (x,=0.001)
%l‘ b
0.6 —

[ 20 =0.03

—zo = 0.01

o
~

O
)
S
X

DSSV14

o
o

- -5 -4 - - -1 D0
10 10 10 10 10 10 1 -5 -4 - - -1

10 10 10 10 10 1

\ X min ‘ k X . )
min

adapted from Aschenauer et al., Phys. Rev. D92 (2015) no. 9 094030

> Predict enhancement in quark/gluon spins from small x
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Some Crude Phenomenolog

Quarks Gluons

4 ) 4 -
o~ 1 T LELRRALL T |||||I'I'| T |||||||| T llllllTI T llllﬂTF 15 = ! Ill“"l ! I“"ITI ! II“I"' T —— DSSV14
(o] - .
O,' - . B . — - This work (x0=0.08)
X | EIC projections: — DSSV 2014 L
Q 08  mm Vs=775Gev v 80% C L band - = _ _ This work (x,=0.05)
L s = 1227 GeV DSSV 2008 | bloaf=====—m——me =
:éﬁ [ Lk - 200 - - — This work (x,=0.001)
—" -
0.6 — _>é
: xo = 0.03 "
0.4 Fzo = 0.01 — )
O(20%)
0.2 DSSV14
O b N
| ul u] L1 | llllu] 1 uﬂ
-6 -5 -4 -3 -2 -1 .
-5 -4 -3 -2 -1
10 10 10 10 10 10 1 10 10 10 10 10 1

k min ) k X min )

adapted from Aschenauer et al., Phys. Rev. D92 (2015) no. 9 094030

> Predict enhancement in quark/gluon spins from small x

> Inputs to phenomenology: priors, independent parameters, etc.

» Caveats: leading order, large Nc. Corrections may be important.
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One Small Piece of a Big Picture

x > 103 x > 5x10?
% :—|— —|{Lq + Lgl

* The small-x asymptotics of the hPDFs provide one
small new input to the proton spin puzzle.
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One Small Piece of a Big Picture

x > 103 x > 5x10?
% :—|— —|{Lq + Lgl

* The small-x asymptotics of the hPDFs provide one
small new input to the proton spin puzzle.

» But they are systematic and JHEP 1210 080 (2012)
I hys. Rev.
generalizeable (OAM?) Phys. Rev. D95 114032 (2017)

» Other sum rules of interest? (Transversity / Tensor charge?)

 The intersection of spin and small-x challenges both paradigms
> Significant effects from small-x evolution
» Gluons don’t dominate, and dipoles aren’t independent
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