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1. INTRODUCTION
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Angular Momentum Budget

100% — Oqg‘o
90%
80% L, (\‘9
70% — 0
60%
50°% L, O
40% — ée = Gluon J
30% G 0@ = Gluon L
o
fgo//" — & ® Quark L
OO/Z ® Gluon Spin
" Quark Spin

Jaffe Manohar
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The Starting Point

Jaffe and Manohar’s field theoretical description of the quark and gluon orbital
angular momentum through its relation to the QCD Energy Momentum Tensor,

Th

Energy density
(mass)

=

Momentum density

—

M =x"TH — x*T*

_, T00

TO1

T02

TO3

T10

T

T!2

Angular Momentum density

T3

7

T20

T21

T22

e

T30

T3~

132

T33

/ Shear stress

— Pressure

« Hadronic observables have been studied precisely only for T, TO
(4-momentum and OAM)
« EMT is studied much more extensively in nuclei (RHIC)
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In QCD

1 _ - -
THY =Ziql//('}/uDv _I_vau)l//_'_ Tr{FﬂaFav _%guv Fz}

Jaffe Manohar: .

M™ = y'cy + y'[ix (i) w +Tr(e™"F7A )+ 2iTrF™ (¥ x 0)A’
A% L, AG L,

*Chen, Goldman et al., are consistent with this definition (see K.F.Liu et al.)
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_ 1
Quark sector: J, = L, + > AY,

A. Rajan et al, PRD (2016) arXiv:1601.06117

Jq 0.8 T T @"(‘ T T T
W Ay /2 =0.633(12
06 L N / (12) | o
- X
.
0.4 F GPD model - m
A
- 1 7 =
0.2 Lattice: GPD moments m
Z
0 -
Ju-a DVCS data
02 ¥ arXiv:1701.01536
00
04 L = | wdquarks M. Engelhardt
' é: ~05) | my=518MeV
do data Lattice:| F4 s | 2=039
0.6 £, —10! =
~ 1 .- -
~ — .
-0.8 U ' : : : S _ 5 1h STFTTIIIY N
08 06 04 02 0 02 04 3 13 thiied
I Lo B R T

T H E 0 RY nlv| (lattice units)
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IS IT POSSIBLE TO TEST OAM IN EXPERIMENTS?
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Proposed Observables for L,

1
M / Pl K Pia(2,0,k%,0,0) = (br x kr)a(z) L x)

k: moment of a GTMD (lacks “proof of observability”)
(Lorce and Pasquini)

'Lq A

1 1 \ 1 l 1

~ 1 1 ~
/ dr xGy = da::v(EgT+H+E):——/ d:z::z:(H+E)+—/ de H
Jo 0 2 Jo 2 Jo

x moment of twist 3 GPD
(Polyakov)

Are the two connected and how?
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Yes, they are connected through a generalized LIR

1 ‘o |B
M/d2kT k# Fia(z,0,k%,0,0) = __/ dy [E2T+H+E}

|
L4(x)

A. Rajan, A. Courtoy, M. Engelhardt, S.L., PRD (2016), arXiv:1601.06117
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Measuring twist three GPDs gives us the same information on
OAM as measuring k; integrals GTMDs, but....

....we have referred so far only to Ji's OAM



2. DEFINITIONS




B
Partonic OAM: Wigner Distributions

Y = /dx/d2kT/d2b(b x kr). WY (z, kr,b) tic?:(tae Pasquini,
A

Xiong, Yuan
Mukherjee
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Wigner Distribution

1 [d*Ar . .
Wu — _/ TéLAT.O“/ dz—dQZT eZkz<P - A?‘/\/ | Q(O)’Y+U(O,Z)Q(Z) | P, A> |z"‘=0

(2m)?
GTMD

~
i b — bzn';bout

» A, Fourier conjugate: b = transverse position of the quark inside the proton

» ki Fourier conjugate: z= transverse distance traveled by the struck quark
between the initial and final scattering




8127117

Which GTMD?

The quark-quark correlator for a spin 2z hadron has been
parametrized up to twist four in terms of GTMDs, TMDs
and GPDs, in a complete way in:




Helicity Structure

~~~~~

- ~.
ffff
S,

2M 2M

+ io* AL iot Tkl / w”k' A
Wiy = 2P+U(p' N) (v Fy+ 2MT(2F13—F11)+ 2MT(2F12)4“ Ve TF14]U(I§ _____ ) __
_AA, —iA Ay =iy By —ahy N
= OaaFi+0a - — (2P = Fiy) + 0 oy —g— (2F12) + 5A pIAT R /

og

helicity non-fllp

0:..0

UL correlation: unpolarized quark density in a longitudinally polarized proton
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1 2
1 _ Uk'L AJ \\\\I - g 5kz H—’y AZ
ng Z_?,_;——W-a(l?iz\{\?‘) _7’6’1"]\4-T2 T_Gll,;l"- ZO-P#G12 ZO-P—G13+7/0' 5G14] U(p, A)
/"kA—kA . A1 +1AA iA(k1 Ao — koA ket 4 iNk
— [_z( ! 2]\42 2 )G11 +AG141 oA+ [ ! ]\; 2 <G13 i (ks 2.27\42 & 1)G11> +1THG12] O_A A

.
\\\\\
~~~~~~

helicity non-flip

(o = <)

UL correlation: longitudinally polarized quark density in an unpolarized proton
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Integral relations

1
/ da:/koT - Fiy = —/ dz F\}
0
1
/ da;/koT Gy = —/ dx G\Y
0

Lorce, Pasquini, Xiong, Yuan
Hatta, Yoshida
Ji, Xiong, Yuan
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3. LIR




Generalized Lorentz Invariance Relations (LIR)

LIR are relations between twist-3 PDFs and k; moments of
TMDs (Metz, Pitoniak, Schlegel, Mulders, Goeke, ...)

LIR in the off-forward sector: relations between twist-3 GPDs
(=»PDFs) and k; moments of GTMDs (= TMDs)

Based on the most general Lorentz invariant decomposition
of the fully unintegrated quark-quark correlator

LIRs are a consequence of there being a smaller number of

iIndependent unintegrated terms in the decomposition than
the number of GTMDs
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The completely unintegrated off-forward
correlator

00 = [ 15 () (55) () 1

=> parametrized in terms of invariant functions A; A, ...

The unintegrated (over k) off-forward correlator

W/{‘:A((L‘,kT,ﬁ,A;U)

f dk~Wh (P, ky, AsU)

1 dz~ dzzT izP™T 2" —ikr -z roAl T z z
§/W6 mEr (p' A Y (—5) TU_, /2,2 /2¢ (5) 'p,A)

zt=0

=» parametrized in terms of GTMDs: F,4, F4,, ..., Fyoq, Fpy...
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Fi3

Fiy

4P+
M2

d

1
£F1(4) =

2P f dk~ |
2P~ / dk~ |
2P / ak- |
2P7 / dk~ [

/ &%k / dk~ [(k P —zP?)(AF + zAL) 4+ 7T

AF 4 zAY 2?;; (AY + z AL )]

AL

P-k—zP?
AF + M“’ (A8+a:A)]

Af + zA§ ]

!

k2 A2 (kT AT)2
A2

- Ea -~ -~
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For any combination of A amplitudes one has:

d _k2AZ — (kr - Ar)? -
a/dzkfr/dk “TeT A(%T T) X[A;z] = /dsz/dk (k-P—mP2)X[A;m]

T + f dkr / ak~krir = kr - Ar)7 0%

AZ, Oz

kK moment of GTMD

Extension of Mulders Tangerman relation to off-forward configuration



8127117

Now look for GPDs combinations that give the rhs

. 2
H+E = 2P+ / a2k / dk™ 2 (kTA;ATAg‘ +aF 4+ B "M 2T xAg‘))
~ kT AT (kT 'AT)2 k2 A2
Byp = 2P+/d2kT/dk (- 2)( Az AF + AF ¢ MR T AF
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OAM distribution emerges from LIR

ALq(X) =>density L,=»integrated
{ 1 B \ 1 1
Fl(i) = —/ dy(Eor + H+ E) = —L,= /0 dajFl(i) = /0 drxxGa

« F(,, and E,; give us the same information on the distribution in
x of OAM!

« “In addition”: we confirm and corroborate the global/integrated
OAM result deducible from Ji et al

Different notation!

G,—>E, +H+E
Polyakov et al. Meissner, Metz and Schlegel, JHEP(2009)
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Generalized LIR for a staple link

d k2
d? k-t

. M2F14—E2T—|—H—|—E—|—.A

/

LIR violating term

_ _(2P+)2 f 2 kr-Ar g . r . K2A2 — (kp-Ar)? [ OAF BAE
Ap, =0 dk/p/dk [ AZ (A1) +zAp) + Ay + A2 (3(k-v)+ a(k - v))]




4. EQUATIONS OF MOTION
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Equations of Motion (EoM) relation

EoM in correlator for =i 0" y;

— 72
/ A2 A2 iwpta—ikror ) AV | (=2 /2)(TU T D DTUN(2/2) | s A)ae—o =0

(2m)°
4

i 5 ) j A’ +.5 L + :
w4kt w4 7W/[\7 O —aeiwl o MBS =0

symmetrized with respect to the argument

AT
2
GTMDs in helicity combination for OAM: (++) - (- -)

ki AT — (kr - AT)2F14 LA
I2AZ AZ

ktr - A
—QSC( el TF27+F28> + G4 — 2

5 (M - p22) =0
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Integrate over k-

$E2T(l‘) = —ﬁ(a:) T Fl(i)(x) - Mpy,

Insert LIR
d [ o, k7 -
e dkTWFM:EQT—l-H-FE—FA
[Ty L dy )
bor = /x y(HjLE)Jr . yQMF”]
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Angular Momentum Sum Rule




Integrating over x we re-obtain the OPE based relation

Polyakov et al.(2000), Hatta(2012)
1 1 1
1 1 -
/ da:a:Gg———/ dx x( H—I—E)—|—2/ dx H
0 0

~__ -

J—L+ AZ

A generalized Wandzura Wilczek relation obtained using OPE for twist 2 and
twist 3 operators for the off-forward matrix elements
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Other integrated relations @9 _a <.@

- .
- 1 ~ 1
/da?a: (EéT +2H§T) = 3 /dxa:H — 3 /dacH+

L.,S.), = | dex (ELr +2H, + H), kr= [ dx(Er+2Hy), e,= [ deH
q 2T 2T q

%/dwxﬁ:(LS qu

» Integral relation without connecting to spin-orbit Polyakov et al. (2000)
» Integral relation with “educated guess” for spin-orbit Lorce (2015)

Chiral symmetry breaking test!
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Transverse proton spin (unpolarized quark)

K2AZ — (kp - Ap)? 1 K2AZ — (kp - Ap)?
(F23 + L TMQAQT F24)+ Ve (AT7G1s + kr - ApGra) + -+ TMQA% Fig
+ A?r ((Al — iAQ)Mi’S + (Al + ?:AQ)Mi’S) = 0.
2MAZ, -t -
L(1) _ o(1) _
17— _F MF12 ’AT =0

Sivers function Qiu-Sterman term
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1 1 1
d - dy dy .
g2 = — (91 —/ _ygl) + ) + (gT —/ _ygT> + —ygT
Y Y z Y
Original Wandzura Wilczek relation in forward limit

Chiral symmetry breaking test!
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5. APROBE OF QCD AT THE
AMPLITUDE LEVEL
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PT transformation
Forward case: Sivers function (J. Collins, 2002)
| |
M. f _perp=M,-M.= 0 M.
/’. T ®,Zt -0 7 ;ifT
o,oL / > .0 B o<\ L
PT: ! 0,0

<PaS ‘ 1;(0)’)/+U(U,Z)¢(Z) | P7 S> — <P7 -5 | 1;(0)’7—'_(](—1},,2)?70(2') | P7 _S>

M,V-M-V=0 ‘ f1Tperp,SIDIS= M, V-MV = _f1Tperp,DY=_M+-v+M_-v
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Off forward case: F,,

PT.
<P o A,\S | TL(O)’)/—{_U(U,Z)?#(Z) | fl)? S> — <I\)7 -5 | ZE(O),Y_FU(_U,,Z)%D(?) | P — A? _S>
| |
L+V,A L_-v,-A
|_+V,A_|__-v,-A= O

e

(kixA7) F,/S0IS'= | WA A= (kixAg) Fo,OY'=L, VAL wA



=,0 z,Z;

Z,Z
-0 7 &T © Z
N o - 7"
SS S
€ >
-°°,O 0.0 O’O °°,0
0.0
— I u—d quarks 1
o L J
L —05 | my=518MeV ]
S i R ]
5 7=0.39

Sﬁw ] ]
§,—1.sf TIFTTLILY RLITEITIIIN
= ! ]

—oo  —-10 -5 0 5 10 00

n|v| (lattice units)
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d k+q q'=q+A
M XUVRIYK

K “SIDIS-like”
P - =P-A
2g2M22P+(1 — z)2(1 + X cos ¢
P d2l esg (1—2z) ( 1o cos ,)

~ ) (@m)? 20( + m2)((k — )2 — M2)2((k — A)? — M2)?

-k+q 9

K K-I-A “DrellYan-like”

p Pk Pkt P=P-A



Two additional processes: DVCS and TCS twist three contributions

o a

spaceliké K4 \H\f

DVCS

9
timelike TCS

Extracting twist 3 GPDs from these processes will allow us to
zoom into aspects of the “sign change”



Genuine/intrinsic twist-three terms
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e

. _ k2 .
—xEor = H — / A kp L priraisht | MSthflght
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By subtracting the two expressions

) _ @)
14 {staple 14 {staple

Integrating ‘

1
= a0 RO U ) U v OO, )

— MF14|staple - MF14|straight

— /d:c Fﬁ)

Difference between Jaffe-Manohar and Ji
(Hatta, Burkardt, 2013)

a

A:daz

(MStaple — MStraight) LIR violating term is the difference
between JM and Ji
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Generalized Qiu Sterman term

k2 k2
/d2kT MTQ M — | dPky Mg Fl! = Tp(x,z,A)
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Use the connection with twist-three GPD!

~

H Ldy - 1 Ld
— —/ —yH] + [—MFM - y_gMF14] -

1
) d
@T:—/—Qﬂ+m+ ‘
. z y

Y
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Can we measure this and how?



Direct measurements cannot distinguish between LIR-
generated and EoM-generated genuine twist-three/qgq terms
so in principle we cannot measure the difference between

Jaffe-Manohar and Ji through DVCS... but....

Caveat
“Assuming that twist-three GPDs are process
iIndependent, or that they behave like twist-two
collinear objects”
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x-Moments

M, /deQT::_/dx(H+E) :>/d513 (E2T+H+E):O
M, OAM Sum Rule /deQT - /d:z::c(H+E) . %/dxg

1 9

~ 2 ~
M, /d;m;QEﬂ — —gfdxe(H—l—E) - §/da:a:H— g/d:m:./\/lp14
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Interpretation

M, Force acting on quark

| N 1 1 _ -
/ dx / Pl M, = i€igu™ 2P+ / ds (p', N'[1(0)yTU(0, sv) F™7 (sv)U(sv,0)¢(0)|p, A)
0

. 1 — -
/dx/d%T Miin = —gv 21i+/ ds {p', N'[$(0)yT°U (0, sv) F ™ (s0)U (50, 0)3(0) [p, A)
0

Non zero only for staple link

/ dzo [l M = s 0N GO 06O, A)
[ dea [ M = e 0 N0 FH 0 0)p.A)

“rest frame” interaction # d,
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Situation is analogous to studies of g,

0.1 — T 0.1 — T
[ —— giv —6— SLAC E143 ] K : —e— SLAC E155x | I
3 ? —&— SLAC E155x - - —&— JLab E99-117 4 Accardl’ BaCChetta’
0.08 [ ] 0.05 |- —— uav r01-012 1 Melnitchouk, Schlegel
[ - g - ! :
% 8 JHEP (2009)
b L b4 L
0 - 0 i
~0.05 | 0051 -
2 0.01
@ -
" ok
. sl L] C R B A )
0.01 0.1 1 0.01 0.1 Ly A B x
Xp Xg o :ozb;llz(kime.ohs.oczvf.rr‘) ® This Work (E = 4.7 GeV) E
0.01 : cc:::(": o This Work (E = 5.9 GeV) ]
©0.005 } } ]
: : G ;
The effect of the two twist-three terms combined A T ‘ H#H}HH*&'
might be small but each individual contribution ok : ¢ E
can be large : -
_0.010 " — 0I2 — " 0I4 P ol6 e 0I8 — M l

D. Flay et al, PRC 2016
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Large effect from lattice (M. Engelhardt, arXiv:1701.015306)

00;
= I u—d quarks
T s F
L 05 | my=518MeV 14 ]
: | A
ﬁ\ | 2=039
5'4'\3 —107 ... 7
: i [ | l! % |
~ | ! i * i
S 15 ¢ |ebtagast” Padesbtt |5
= -15 .
S : ' PRD, arXiv:1111.4249
—20 Ao.e SiVETS—Shiﬁ,u—d—quarks
T 00 —-10 -5 0 5 10 E 0,4.4-
. er
nlv| (lattice units) 3 02} h!!""'... f1.|.p P
00 -
'.-_3 £=0.4l. o,
=2 020 | jbr =034 1m, “eas .
% o |50 i
A - 201 BTN SIDIS 14
T e -10 -5 0 5 10
niv|] (lattice units)
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Direct evaluation of quark orbital angular momentum

¥ = / dx / d’kr / &*rp (rp x kp)3 WY(z, kp, ) Wigner distribution

Lgl B eij@%’iaAaT,j S | Y(=2/2vU[~2/2,2/2¢(2/2) | p, S>|z‘*‘=z—=0, Ar=0, zp—0
no (p,a S | %(—z/2)fy+l,l[—z/2, 2/2]¢(z/2) | D, S>| zt=2==0, Ap=0, zp—0

n : Number of valence quarks

p=P+Ar/2, p=P—Ar/2, P,S in 3-direction, P — oo

This is the same type of operator as used in TMD studies — generalization to off-forward matrix element
adds transverse position information
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Direct evaluation of quark orbital angular momentum

Y eiol ol W8 1 9(=2/27 U-2/2,2/00(/2) | B,5) 2o, Agmo, o7t

no (P, S | U(=2/2)vTU[-2/2,2/2]¢(2/2) | p, S)| zt=2"=0, Ap=0, 2p—0

Role of the gauge link U:

Direction of staple taken off light cone (rapidity divergences)
P-v
|Pl[v]

Characterized by Collins-Soper parameter (=

Are interested in f — 00; synonymous with P — o0 in the
frame of the lattice calculation (v = e3)

role
3
e
|
Y
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Flavor separation — from Ji to Jaffe-Manohar quark orbital angular momentum

1.0
c'?l:—‘n’ 05:_@ FRidaiiae, gesddERRE |0
Vg ot my; =518 MeV fu® = d quarks ]
27 o e isoscalar
=3 00! ¢=039 * 2u quarks | -
~ e’ :
T
£ -o05} . 1
g [ ., ]
ollptaeettt asssassik;
- -10 -5 0 5 10 oo

v" Cancellation of L, and L is found consistently with previous calculations

v’ It persists for Jaffe Manohar OAM!
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with B. Kriesten and A. Rajan,
using diquark model

Ratio L /L ,,=0.72

Lattice Ratio L /L ,=0.62+0.16(stat)
(extrapolated at (=)



L,(z,0,0) = :z:/

L,

8127117

ldy

T

Y

Simonetta Liuti

(HQ(ya 0, 0) + EQ(ya 0, 0)) -

—— Sum Rule Integrand
LC model

1| I A S B T N E T N N
0 01 02 03 04 05 06 07 08 09 1

X

I

Abha Rajan et al., arXiv:1601.06117

0.5

1 dy
y2

—

HQ(yaO: 0),

------

’

~genuine ti 3

~
~

_@%=o.

~

~

1GeV? |

l" XG2 -

B ." xG2tw3  -------

: | : XG2Itw 2 o
0 02 04 06 08




6. NUCLEI
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Finally, nuclei

First Exclusive Measurement of Deeply Virtual Compton Scattering off ‘He
the 3D Tomography of Nuclei

M. Hattawy,":? N.A. Baltzell,"*® R. Dupré,"? * K. Hafidi,! S. Stepanyan,?
S. Bultmann,* R. De Vita,® A. El Alaoui,’»® L. El Fassi,” H. Egiyan,® F.X. Girod,*
M. Guidal,? D. Jenkins,® S. Liuti,” Y. Perrin,'® B. Torayev,* and E. Voutier!®?

(The CLAS Collaboration)

: Toward
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Original studies of spin 0 GPDs:
SL & Taneja, PRD70 (2004), PRC72 (2005), PRC72R (2005)

_|_
Wiin=Ansar + Ay a H 4
’LO' .
Wy e = Aprp a— + Ax Ay Hf}
TW|st-three.
v 4(3) (3) (3) (3) 3
WA’A T AA’—i—*,A— + AA’—l—,A—* + A —x, A+ + A —, A +x H1(4 )
ViY (3) (3) (3) (3) - ~
Wk = Axpaas — Ao T AN A — ANy As H(3)
A
The spin-orbit term can shed light on the |
origin of the polarized EMC effect g |
(work in progress with |. Cloet) Bos
%0-8: ¢ Experiment: AL
0| e oo

|. Cloet et al PLB (2006)

0 0.2 04 0.6 0.8 1
7
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Physics of the D-term
A
[ dattee0 = P
-A

A
/ dszA(z,ﬁ, t) = Mff(t)+ %df(t)fz,
—A

d represents the spatial distribution of the shears forces (Polyakov Shuvaev)

d?(0) = —% / &’r T3 (F) (rirf‘ - % 5i9'r2)
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From S.L. and S.K. Taneja, PRC72(2005)

FA®) = FAPRt () FN(¢) (54)
MEE) = M OMY(0) + Mo (1) ()8 (5)

with M2P" () = [ dyy™ ' fa(y,t), the nuclear moment obtained by considering “point-
like” nucleons. At £ = 0 one has:

M3 () = M3 P (8) MY (t), (56)

related to the average value of the longitudinal momentum carried by the quarks in a nucleus:

A A,point N
@(O)a = g = Tz Fa = VEOEO, 57)

The D-term in a nucleus reads:

dii(t) = MgP" (t)dY (). (58)

Is this factorization broken? First signature of non-nucleonic effects




8/29/17

In liquid drop model df(()) X A7/3

1
di(0) ~ ~ Aln A

| (E') A I 2<Pi>A

M 3M2\

Nuclear model taking into account virtuality
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» Spin and 3D structure of Deuteron

1 1
2 / draz [Hy(z,0,0) + E4(z,0,0)] = J,

—1
Nucleon (Ji, 1997) 1 /1

72

drx Hi(z,0,0) = J,
—1

Deuteron (S.K. Taneja et al, 2012)



7. GLUON SPIN AND
HELICITY IN THE PROTON
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5~
=» four independently measured quantities

1

Jaffe Manohar’s Sum Rule;

Using the measured
Using the measured

value
of AZ .4

M. Engelhardt, preliminary

Lattice QCD evaluation
of GTMD F,,+ gauge
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8. DVCS ANALYSIS




How do we detect all this”?

Dustin Keller & U.Va. Polarized Target




Deeply Virtual Exclusive Photoproduction

kK'=k+gq
k 7g=q+A4A

DvCS

d°o B a’ ‘T 2
drp;dQ%d|t|dpdes — 16m2(s — M2)2,/1+~2

T(k7p7 kl) qup,) — TDVC’S(kapa kl) qlap/) + TBH(k7p7 kl) qlap/)v
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From BKM formalism to “exact” Rosenbluth-like separation

Example 1
BH unpolarized cross section

OBH — I (ya 777Q27¢) _|_ B(y7t777 Q27¢)7G?\4(t)




Example 2
DVCS unpolarized cross section

P 0s S
o'V = 19 [FUU,T + eFyu + €cos 20F 0 2% 4+ \/e(e + 1) cos ¢F{}°U¢]
Four=2(F., +F.' + FIL. + F'), Twist 2
Fyy =2FY, Twist 4
F55° =Re [FYL + FO] Twist 3

F5% =Re [FI]'+FIZ'+ F'' + F'Z'] Photon helicity flip:
transverse gluons



Helicity amplitudes

Virtual Photon helicities /
\ *
A( )A(Z)

Initial and final proton helicities



Phase dependence

f%e

The phase is determined by the virtual photon helicity which can
be different for the amplitude and its conjugate



BASIC MODULE (based on helicity amplitudes)

hA’ * hA!
Y Y _
,Z\ (TDVC’S,AA’) TDVC’S,AA’ —
I A

YT e
Q“‘

1 1
{(FAL + FAL + E 7+ FO Y + e(FRS + FRY)

Q?1—¢
+2v/e(1+€e)Re(—FRL — FYL + F{ P+ FY—') + 2eRe (Fy ' + Fy—h)

+(2h) (V1= (Bl + FYL - B = B

N o /e(T—e)Re (FL + FOL + FO7! + ngl)} }

polarized lepfc




1n _
Fo =

=(1-€) | H+H[? €

Fll_=(1—£2)|7-t—ﬁ|2—€2

|5 +EE

t" Cle—€E P

:(’H* +H)(E+E) + (H+H)(E + E*):
:(u* —H)(E-E)+H-H)(E - E*):




Twist 3

X}V = ggl,.+ X AA’+,A—" -1 g°_1+. X AA'+',A— . gg_l,_ X AAI_,A.*.-‘ -+ 92.1_‘ & AA'—",A+

“Bad” component (exchanged gluon flips the quark chirality)

Y
q, Ny 7N

[P

P? PN
Ay an



Connecting the DVCS formalism with the TMD/GPD/GTMD

comprehensive parametrizations
Bacchetta et al JHEPO02 (2007), Meissner Metz and Schlegel, JHEPO8 (2009)

Example |
~ — ~ —
Ap_ yx = 5 (E2T — Eor + Eyp + EQT)
1/ - _ i _
Ay« 4y = 5 (_E2T + Eor + Eyp + ElzT)

Spin Orbit interaction
Orbital angular momentum



DVCS: bilinears of tw 2 and tw 3 CFFs

FOL =P | H* (Ear — Eor + ..., ..

0.1 * HERMES (2010)
005 | — GGL (2013)
s
§.-005 F |
sk | 277 | Extraction from experiment
025 F | . . . | . using Wandzura Wilczek approximation
0.1 F
005 [
§ -0 ; . L 77T T T T 777
E 005 F Az
S0k + \
015 |
_;Z A.Courtoy, G.Goldstein, O.Gonzalez

e nd Hernandez, S.L. and A.Rajan, PLB
T 4(GeV) 731(2014)



Measuring directly GTMDs
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Double DVCS (Bhattacharya, Metz, Zhou, PLB 2017)

(g, A1)

v2(g2, A2)

N'(p,, %)

(6)
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GTMDs from Double DVCS hadron production (off-forward SIDIS)
+ =,
T pTpp
t’

P P
- +
k k_A, “
AVAVAVAVAVAVAVAY “-

p | 1 p-A q,=q+A'A,

ep — e'm

-~

9

t,t,,Ph2<Q2’Q’2

P ~— P
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Helicity amplitude formalism for DDVCS hadron production

» To measure F,,one has to be in a frame where the reaction cannot be viewed as a
two-body quark-proton scattering

» In the CoM the amplitudes are imaginary =»UL term goes to 0 unless one defines two
hadronic planes y A

photon-proton plane

Ale® |k | (A, —iA,)(k, —ik,) = ik, X A, |
K

Z
<€

hadrons plane




Conclusions and Outlook

The connection we established through the new relations between (G)TMDs and
Twist 3 GPDs, not only allows us to evaluate the angular momentum sum rule, it
also opens many interesting avenues:

It allows us to study in detail the role of quark-gluon correlations, in a
framework where the role of k; and off-shellness, k?, is manifest.

OAM was obtained so far by subtraction (also in lattice). We can now both
calculate OAM on the lattice (GTMD) and validate this through measurements
(twist 3 GPD)

|t provides an ideal setting to test renormalization issues, evolution etc...
* QCD studies at the amplitude level shed light on chiral symmetry breaking

« TWIST THREE GPDs ARE CRUCIAL TO STUDY QCD AT THE AMPLITUDE
LEVEL
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Hopefully experimental studies of the hard exclusive processes
will fill the gap in our understanding of the strong forces creating
our world as we see |it.

Maxim Polyakov (hep-ph/0210165)
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Back up
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Helicity and Transverse Spin Structures of H+E

(Apgs ¥ A, +A_ +A__)+(A,_ +A,__-A_, -A_,)  Felotyfips

+HA+ +— - —+,—+ - +—,—— —— - —+++

(AX L+ AT+ A+ AN )+ (AN AL AN -AY ) Transv. spin
: conserved
= H - ZAZE unon ﬂlpu

E measures J, not L, but a change of one unit of L (because of the helicity flip)

S.=-1/2—1/2 = AL, =1 atfixedJ

—

kA

P, A P’=P-A, A’

Brodsky and Drell ‘80s, Belitsky, Ji and Yuan, '90’s



