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Proton Spin Crisis

* Quark and gluon spin contribution is smaller than %2

* Need to look at other Sources of spin — Orbital Angular Momentum
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Jaffe Manohar and Ji
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« Differ in their definition of Orbital Angular
Momentum
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Jaffe Manohar and Ji
Decompositions of Proton Spin

Differ in their definition of Orbital Angular
Momentum

ﬁji%iFXD LJM—>’I:7?X8

Covariant Derivative (Ji) : Description gives
access to Total Angular Momentum — Spin +

1
OAM L4,
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Jaffe Manohar: Spin and OAM contributions

are separate %: %AZ+Lq+AG+Lg




Elastic Scattering Electron Current

"""""""""""""""""""""""""""""" %+ Spin 2 point Particle
b= —ed(k’)y* u(k) eitk'=h)x * No internal Structure
Jt=eua(p)[?]u(p)e”»x  »  Unknown Proton Current

« Parametrized using
form factors

[2]= [Fl(qz)v“ + 572 F5(4%) fﬂ‘”’q,,]
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~ Elastic Scattering Electron Current
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¢ ) Deep Inelastic Scattering )
Express cross section interms of _ <, T
| Parton Distribution Functions
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Hard and Soft Parts
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Transverse Momentum Distributions

 Transverse Momentum Distributions are like
Parton Distribution Functions but, also
include transverse momentum of quarks ‘
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Transverse Momentum Distributions

 Transverse Momentum Distributions are like
Parton Distribution Functions but, also
include transverse momentum of quarks ‘
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Boglione, Mulders Phys Rev D60 (1999)

» Measured using SIDIS (need to observe at least one product (apart
from the electron) after scattering to fix transverse momentum)

| d*kr fr(z, kr) = fi(z)
4
TMDs - Unintegrated PDFs




Transverse Momentum Distributions

 Transverse Momentum Distributions are like

Parton Distribution Functions but, also

include transverse momentum of quarks ‘
L
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Boglione, Mulders Phys Rev D60 (1999)
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» Measured using SIDIS (need to observe at least one product (apart
from the electron) after scattering to fix transverse momentum)

J ke fi(z, kr) = fi(z)
4
TMDs - Unintegrated PDFs

* Projection Operator : Access different properties of the partonic structure of
nucleon with different projection operators

®vt°] = gir(w, k2)A + gir(z, k3) BT
gir giL

Boglione, Mulders Phys Rev D60 (1999)
Jakob, Mulders and Rodrigues, Nucl Phys A626 (1997)
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GPDs and GTMDs

 Generalized Parton Distributions : Off Forward PDFs
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GPDs and GTMDs

» Generalized Parton Distributions : Off Forward PDFs

dZ— upta= /1 a1 | T + Tl AN i0+MAu
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* Enter at amplitude level
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GPDs and GTMDs

» Generalized Parton Distributions : Off Forward PDFs

dz_ . p+.— - _ o THA
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 Generalised Transverse Momentum Distributions : Off
forward TMDs
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Meissner Metz and Schlegel, JHEP 0908 (2009)
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Helicity Amplitudes

» Helicity structure of the quark quark correlator
(soft part)
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Helicity Amplitudes

» Helicity structure of the quark quark correlator
(soft part)

A N
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Projects Helicity
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Twist 3

* The examples so far were at leading order
What happens if we include a gluon on one side?
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Twist 3

«  The examples so far were at leading order

What happens if we include a gluon on one side?

*  Dynamical Twist — Suppressed by %

(', A | p(=2/2)Tp(2/2) | p, A)

Projection operators determines
whether distribution functions
contribute at leading order or are
suppressed (twist 3 or higher)

(. 3) = (e, k)

) Ai+ y

i _ A
Wil (z, ¢, t) = O(P', S[(H + E)yyy + 52G1+71Ga + P” Gy + i AT PZ G.U(P, S)




Twist 3

«  The examples so far were at leading order

*  Dynamical Twist — Suppressed by %

W A | D(—2/2T(2/2) | p,A)

What happens if we include a gluon on one side?

* Genuine Twist Three — Quark gluon quark correlator

Projection operators determines
whether distribution functions
contribute at leading order or are
suppressed (twist 3 or higher)
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Genuine Twist 3
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Why Is Twist 3 interesting ?

» We are getting access to phenomenon that
Involve three particle interactions

» Orbital Angular Momentum : nucleon spin,
confinement

OAM (Ji) - Twist 3 GPD G2
» Color force d2




Orbital Angular Momentum

» Polyakov Sum Rule — Twist three GPD G2 gives partonic

Orbital Angular Momentum (Ji)

—\/_zdasngxOO /HCEOO /dmx(H($7070)+E(x’O’0>)]

Spin Contribution Total Angular
Momentum - J

Kiptily, Polyakov Eur Phys J C 37 (2004); Hatta and Yoshida, JHEP (1210), 2012

» Measuring G2 — Connection to an observable

Courtoy, Liuti, Goldstein, Gonzalez, Rajan Phys Lett
B731(2014)

« Jaffe Manohar OAM - Twist 2 GTMD Fia




Burkhardt Cottingham Sum Rule

d*z

[ €™ 0.5 1 H0)GDO) = m)ia *150(2/2) | ) = 0

d'z . L What is this sum rule
ik.z .S 0)(k + gA(0) — Lo 2 ,S) =0 .
/ Goore™ 0.8 | 90)(k + 9A(0) = m)ia ™ 250(:/2) | .5) TPIaLIS T Sum T
] _ et i el _ pigh ™l _ i dightl — g say ? — Signifies that

there is a twist 2 part and

k2 . :
gr(z) = / Phr L g (e, k) + G (a) a twist 3 part
. . o
Dynamic Tw 3 Kr squared moment in Genuine Tw 3 : Quark gluon
Tw 2 quark correlator
d
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- M? M M VE
gr = g1 + g2 Mulders and Tangerman

/dxgg(:lz) =0
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The color force : d2

* d2 - measure of color electric and magnetic force on
quarks ; third moment of genuine twist 3 part of distributions

g2(z) = gV W (2) + go(z) * 2MPTPTS*dl = g(P, S|g(0)y* G (0)q(0)|P, S).

Burkardt PRD88 (2013)
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Connecting Jaffe and Ji OAM

Using Equation of Motion to get to OAM

d*z , ;

/ (2m)i° !, S| DO)(ID(0) — m)io™ y51(2/2) | p, S) = 0 W
4 Off forward correlator
d*z .

/ (27) ik Z<p S’ | ¢ k/—l— gA )’i02+75w(z/2) |p’ S> —0 /

Lt _iptdiply’] _ pioh™°) _ipidiph™ — g

K' K'\'!q The correlator will now

k. A ko A k2, b A expand into GTMDs
l“(uGz?-i-st)-i-x(qu?-l-Fzs) sin? pFy + ——— Gy /

AZ AZ M? A%
2x/d§<%@*27 + st) + Qx/dzk:r kTAQATFW + Fog = 2/(1%71% sin? oF14 + kTA2ATG14 / Integrate over K
—2Gy =2 / 2k ( ]’\“;2 sin® ¢Fy4 — x(kZ?T Gor + G28> + d%kTA’gT Gl4>
/
Twist 3 GPD Kt squared moment of

Twist 2 GTMD
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| Diqguark Model Calculation : Using
Helicity Amplitudes

» The proton splits into a quark and a diquark
structure. While the active quark interacts with
the photon, the diguark acts as the 'spectator’

o (. P) — T() BNV P A)

k% — m?
; u(K' , \YU(P',\")
DA’ '['Ibf PI) F{'I“J) ( L2 _ ;Eni’
44‘.1__,}.__‘.1-'__}.-' = iﬁi"}.’ (k-_’= P’:l(_:ﬁﬂh [:#IL P) Goldstein, Gonzalez, Liuti

PRD 84 (2011)
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Calculating F_14

A v+ A —A L L —A Unpolarized Quark in a
| | | longitudinally polarized proton

* Ji —» Straight Gauge link N 12
2(k? —m3)*((k — A)? —mg)?
- Jaffe Manohar — Staple Link } g J
—-—f’y - - Ij -4 -(
M2(1—=) [ &2y (14 “5*)
! N:p(k2 ByrpAp / 22 (U — )2 — M2(z) — 2212 Bacchetta, Conti,

Radici (2008)
* The diference is the torque

. rdzdz
M L/l
‘ o

q

(P A7y (-9)| dyU[2G™(Y)-2G"(Y)]

Burkardt (2013)
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| Calculating Twist Three Amplitudes:
Diguark Spectator Model

» The bad component is a quark gluon
combination with spin opposite to that of the

guark
u(k, \U(P, A
o = D) W VIBD)
u(k, \*)U (P, A
fi-llﬁ__,}.__ﬁf__,}.-' = {-f"jr'}.’ (k‘-’z P,)Qﬁ’ﬁ}. [:JEL P) Goldstein, Gonzalez, Liuti

PRD 84 (2011)

ARE L = (0 A | D(—2/2) (v £iv?) (1 £97)1(2/2) | p, A)
Courtoy, Liuti, Goldstein, Gonzalez, Rajan Phys Lett B731(2014)




Helicity Amplitudes For G2

Wi, = AV A AR - AR

WYL = AMS, g A3 g3, gted
“‘Vﬁr = —ARZ. L+ Aiwf&—* AR+ AYE L I
IWTL = AN AR AT At

W, =W — (WY, — W) = (ky — ika) Far + (Ay — iAg) Fag

dkr kr.A
_2/ T oy + Fag = G (AT =0)

(2m)* A7
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1
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e(Xx) vs X

e(x) and x*e(x)
20 : . ' ' ' ' T

!i‘ L]
x*eu
X'y -
gu """"""
15 } d .
10 ':."*-, .
5F -
0 d‘ﬂ':_"::lh - - I — »
0 0.1 0.2 0.3
X Goldstein, Gonzalez, Liuti
Using parameters from GGL. PRD 84 (2011)

Using Twist 3 amplitudes in the forward case
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Summary and Conclusions

GPDs, TMDs and GTMDs carry a wealth of information
about partonic structure of the nucleon

Calculation of twist 3 amplitudes allows us access to a
whole new range of phenomenon

Partonic Orbital Angular Momentum : GPD G2
Color Electric and Magnetic forces : d2
Confinement

Further work in separating the Wandzura Wilczek and

genuine twist three (explicit gluon) contributions
g,(x,01)=2,(x,0" )"V +7,(x,0?)

Understand the connection between Jaffe Manohar
and Ji OAM




Summary and Conclusions

GPDs, TMDs and GTMDs carry a wealth of information
about partonic structure of the nucleon

Calculation of twist 3 amplitudes allows us access to a
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— Partoni
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Further work in separating the Wandzura Wilczek and
genuine twist three (explicit gluon) contributions

Understand the connection between Jaffe Manohar
and Ji OAM
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