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GTMD distributions
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Accessing the partonic content of hadrons
with an electromagnetic probe

Electron-proton
collision
(parton model)
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QCD factorization
processes with a hard scale @ > Agcp

o=F(x,p) @ H(x, 1)

At a scale i, the process is factorized into:
o A hard scattering subamplitude H(x, )
e A Parton Distribution Function (PDF) F(x, p)
1 independence: DGLAP renormalization equation for F
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Transverse Momentum Dependent (TMD) factorization:
semi-inclusive processes with one hard and one semihard scale

Q~ s>k

o= F(x, ki, ¢ ) @H (1) @ F(% ki, ¢, )

At a scale u, the process is factorized into:
o A hard scattering subamplitude H ()
o A TMD PDF F(x, ki ,(, 1)
o A TMD FF (%, ky,C,p)
1, C,CA independence: TMD evolution for F, F
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Factorization with Generalized Parton Distributions (GPD):
exclusive processes with one hard scale @ ~ /s

o= ]:(lex2: |AL

,,U,) & H (X17X27,U’)

At a scale p, the process is factorized into:

o A hard scattering subamplitude H(x1, x2, )

o A Generalized Parton Distribution (GPD) F(x1, x2, |A1 |, i)
 independence: DGLAP/ERBL renormalization equation for F
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Operator definition for parton distributions

Parton distribution function

Fe)ex [az e (plFE) [0 FUO 0,27 P)

Transverse Momentum Dependent distribution

Fx, k) o /d426(z+)efo+z—+i(kin) <P ‘F+i(Z)Uz,oF+i(0)Mo,z

)
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Operator definition for parton distributions

TMD distribution

Fx, k) o /d425(2+)eixp+z*+i(kLzl) <P ‘F+i(Z)Z/lz,oF+i(0)Z/Io,z

)

Generalized TMD distribution

)

F(x, ki, A) o / d*z6(z )P 7 Hlke w0 <P+A (F“(z)uz,oF“(o)uo,z
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The family tree of parton distributions

Wigner distribution <+ GTMD
W(x, ki, bi) <> G(x, ki, AL)

j'q?b\ N

TMD GPD
f(x, ki) f(x,AL)
[dk. / [dx
v v
PDF Form factor
f(x) F(AL)

OAM in DSA

N -

Charge
Q

GTMD distributions
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Wigner distributions in NRQM

Wigner distributions in Quantum Mechanics [Wigner, 1932]

Defined via wavefunctions

d/ i ’ . ’
W= [ e () v (-5)

Connection with probability densities:

\M@E=[ﬂwuw)

WMW:/&WMM

Connection with observables:

(0) = /dx /dk O(x, k) W(x, k)
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Wigner distributions in QCD

QCD Wigner distributions

Defined as the Fourier transform of a GTMD

WE(x, ko, b, )= /d2ALe"(bi'AU

)

Connection with observables: e.g. orbital angular momentum of gluons inside a
proton

x / d*z8(z")e P 7 HilkLan) <P+AL ‘F*’(Z)MZ,OF*’(O)%J

<L§> :\/dX/d2kL /dzbl(bL X kL)z Wg(X, kl7bl)
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GTMD

Parametrization and coupling to the target hadron

[Meissner, Metz, Schlegel, 2009], [Lorcé, Pasquini, 2013]

P,S pP.s

/ dtva(vh)e TP S | F (DL FT()IPS)
20 2

,5+ — .0"-Jr i i .O’UkiAj
= (27[')3WUP/5/ [Fﬁl + 'ﬁ(k Ff,+A'FE) + ITFE4 ups
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Leading twist GTMDs

Leading twist GTMDs in a spin 1/2 hadron
[Meissner, Metz, Schlegel, 2009], [Lorcé, Pasquini, 2013]

o Unpolarized parton pairs: Fi 1, F12, Fi3 and Fi4
o Polarized parton pairs: Gi1, G2, Gi3 and G4

o Transversity distributions: Hy 1, Hi2, Hi3, Hia, His, Hig,
H177 and HLg

16 distributions with real and imaginary values at leading twist

OAM in DSA GTMD distributions AG du GDR 2023



GTMD distributions
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Leading twist GTMDs vs GPDs

GTMDs span GPDs

o Unpolarized parton pairs:
Re(FLl), RG(FLQ), Re(Fl’g) — H, E

o Polarized parton pairs: L
RG(GLQ), Re(Gl,g), Re(G1,4) — H, E

o Transversity distributions:

RG(H173), Re(HlA), Re(H175), Re(H176), Re(Hlj),
Re(Hlyg) — HT, ET

Most distributions have a null GPD limit
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GTMDs and OAM
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GTMDs and Orbital Angular Momentum
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GTMDs and OAM
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Spin sum rule

Jaffe Manohar spin sum rule

1 1

o Quark helicity AX
o Gluon helicity AG
e Quark OAM L9
o Gluon OAM L&

OAM in DSA GTMDs and OAM AG du GDR 2023 15



GTMDs and OAM
[e]e] lelelelele}

Gluon OAM

Gluon orbital angular momentum
'Intuitive’ (canonical) definition for the OAM
L& = /dz/u(AL X ki), xf&(x,&, ki, A))

with xf&(x,&, k;, A} ) the gluon GTMD correlator

OAM in DSA GTMDs and OAM AG du GDR 2023 16



GTMDs and OAM
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Gluon OAM

Gluon orbital angular momentum

xfg(x,€, k, D)

1 ok A
=——a(p', hy) F11+/—(kJF12+AJF13)+/ e Fial| u(p, hp)

2M P+

Symmetry properties:
Fiasa(& k-4, k>, A?%) = Fiaza(=§—k- A, k*, A?)

F1*,2(§7 k- A, k27 Az) = _F1,2(_£7 —k- A, kz’ A2)
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GTMDs and OAM
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Gluon OAM

Gluon orbital angular momentum
Symmetry properties:
Flasa(& k-4, k>, 8%) = F (134(—& —k - O, k%, A?)

F1*,2(£7 k- A7 kzv A2) = _F1,2(_£> —k- A> k27 A2)
SO we can write

_ | p(1) (2) (1) (2)
F17(17374) - [Rl,(1,3,4) +&(k- A)'E‘>1,(173,4)} [51 (1,3,4) + (k- A)11,(1,3,4)]

Fo= [¢RE + (k- B)RE] +i [ + ¢tk - n)1]

OAM in DSA GTMDs and OAM AG du GDR 2023 18



GTMDs and OAM
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Gluon OAM

Gluon orbital angular momentum

xfg(x, &, k, B)

,O'j+ j j Ukl
F1,1 + Iﬁ(k F1’2 + A F173) + 1 2

iU(p hy)

M F1 4] u(p, hp)

with
2
Frase = [R§ ()1 34 TE(k-A) i()1 34)}4" [5 L34+ (k- A)Il(,()1,3,4)]
Fo= [¢RY + (k- B)RB] +i [ + ¢l - n)1]

|dentify the terms which survive the convolution with (k x A)
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GTMDs and OAM
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Gluon OAM

Gluon orbital angular momentum

/dzk(k x D)xfz(x, & k, )

itk x D) Kot @y, olk'a
:/d2k2,\/l><U(P/uhp’) 5 P+ R](.,2) M2

F1,4 U(p, hp)

At small &, only F; 4 contributes
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GTMDs and OAM
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Gluon OAM

Gluon orbital angular momentum as a GTMD

k2
/ Pk Fa(x,0,K,0) = —xt5(x,0)

OAM in DSA GTMDs and OAM AG du GDR 2023 21



Where to probe the OAM GTMD?
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Where to constrain the OAM GTMD?
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Where to probe the OAM GTMD?
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How to constrain the OAM GTMD

Exclusive process with general(-ish) gluon kinematics

'/L'fg<$7 57 k7 A)

Jifg*(l‘/, 57 k/a A)

Squared amplitude of a process involving a gluon GTMD

OAM in DSA Where to probe the OAM GTMD? AG du GDR 2023 23



Where to probe the OAM GTMD?
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How to constrain the OAM GTMD

Power expand the cross section

FkKiz f9(x, &k, A) | 12K fI (2, € K A)
Moment of a GTMD GPD

We need to study the GTMD*GPD proton structure

OAM in DSA Where to probe the OAM GTMD? AG du GDR 2023 24



Where to probe the OAM GTMD?
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How to constrain the OAM GTMD

GTMD*GPD correlators, summed over outgoing helicities

Z % [ng(X, & k, A)] [X/Fg(X/, & A)]*

[
2
= HgFl,l + 1— gz EgF]_’]_
1k-A 1A2
+§M2 g12+2M2 gF13
iSTelk! A €2 1
TP M2 (HgFf4 Togtehes 2EgFlu2>

Longitudinal spin asymmetries select Ff,

OAM in DSA Where to probe the OAM GTMD? AG du GDR 2023 25



Where to probe the OAM GTMD?
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How to constrain the OAM GTMD

Target correlator for longitudinal target spin asymmetry

> 5 S D&k )] [V, €, A)]

P S+

iSteiki A 2
: -t “>

1
= = ( HgFE,— - EgF
(1+§)P+M2< glaTpre 2

o Phenomenologically, £, < Hg

o The moment of Ff, is a genuine higher twist while that of F£,
has a kinematic part

Longitudinal spin asymmetry selects the OAM GTMD Ff4

OAM in DSA Where to probe the OAM GTMD? AG du GDR 2023 26



Where to probe the OAM GTMD?
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How to constrain the gluon OAM

A process will contrain the gluon OAM if:

o It involves gluons
o It is exclusive enough

It involves a longitudinal target spin asymmetry

o Its hard part involves k x A

OAM in DSA Where to probe the OAM GTMD? AG du GDR 2023 27



Measuring the OAM with ep dijets
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Exclusive dijet electroproduction and gluon OAM

[Ji, Yuan, Zhao], [Bhattacharya, RB, Hatta]

OAM in DSA Measuring the OAM with ep dijets AG du GDR 2023 28



Measuring the OAM with ep dijets
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Kinematics

Dijet kinematics

Longitudinal fractions
/ z=p-q/p-q
Z=p-q/p-q
Transverse momenta

gL =q1 —zA,
Gl = —qL —ZA |

Consider longitudinal target spin asymmetry, try to select (k x A)

OAM in DSA Measuring the OAM with ep dijets AG du GDR 2023 29



Measuring the OAM with ep dijets
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SSA kinematics

Dijet kinematics

Longitudinal fractions
/ z=p-q/p-q
Z=p-q/p-q
Transverse momenta

G =q1 —zA
Gl =—qL —ZA |

Single (target) spin asymmetry [Ji, Yuan, Zhao]
A" ~ hy(z — 2)sin(q, — da. Re(AA3)

OAM in DSA Measuring the OAM with ep dijets AG du GDR 2023 30



Measuring the OAM with ep dijets
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SSA kinematics

Dijet kinematics

; Longitudinal fractions
/ z=p-qi/p-q

Z=p-q/p-q
Transverse momenta

gL =q1 —zA|
Gl = —q1 —ZA

Single (target) spin asymmetry [Ji, Yuan, Zhao]
dole ~ hP(Z - Z) Sin(¢¢u B ¢AJ_ )Re(A2A§)
BUT A3 has end point singularities (higher poles in x £ &)

OAM in DSA Measuring the OAM with ep dijets AG du GDR 2023 31



Measuring the OAM with ep dijets
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DSA kinematics

Dijet kinematics

Longitudinal fractions
/ z=p-q/p-q

Z=p-q/p-q
Transverse momenta
gL =q1 —zA
Gl = —qL —ZA |

Double spin asymmetry [Bhattachary, RB, Hatta]
dofehi ~ hyhycos(¢y, — oa )Re(ALAY)
Af has end point singularities BUT they cancel at z = 1/2
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Measuring the OAM with ep dijets

000008000000

Best gluon OAM observable so far: DSA

o Consider exclusive DIS dijet production

o Make sure gluons are involved (quark-induced jets, cC
pair...)

o Measure double spin asymmetries

o Focus on cos(¢), —¢a, ) atz=1/2

OAM in DSA Measuring the OAM with ep dijets AG du GDR 2023 33



Measuring the OAM with ep dijets
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Best gluon OAM observable so far: DSA

o Consider exclusive DIS dijet production

o Make sure gluons are involved (quark-induced jets, cc
pair...)

o Measure double spin asymmetries

o Focus on cos(¢), —¢a,)at z=1/2

HOWEVER

OAM in DSA Measuring the OAM with ep dijets AG du GDR 2023 34



Measuring the OAM with ep dijets
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Helicity contribution

Another contribution to that observable

Polarized gluon GPDs contribute to
Ao ~ hyhycos(dr, — da, YRe(ALAL)

at the same order as the OAM term

vF(z, &, A ~0)

OAM in DSA Measuring the OAM with ep dijets

AG du GDR 2023
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Measuring the OAM with ep dijets
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Cross section

Cross section for DSA in exclusive DIS dijet production
Neglecting GPD E wrt GPD H

do _ aiaémeiyg hihy|1||A| cos(¢r, — da, )
dyd@2d¢,, dzdq2d2A — 2m3N.Q? ° (W2 + Q2)(—q? + W2/4)(q? + Q2/4)?
2
W*77(2) (1) 4q @)
x Re (Hg HP — 1M, — 7 +2202Hg Lg)

Compton form factors for helicity (#) and for OAM (£).

Positive or negative interference depending on g2 vs Q?
=> insight on their interplay

OAM in DSA Measuring the OAM with ep dijets AG du GDR 2023 36



Measuring the OAM with ep dijets
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Cross section estimates

Numerical estimation

Hg(x,€), Hg(x,€): double distribution ansatz
< xg(x), x0g(x)

xg(x),xAg(x): use known PDF sets, such as JAM

Lg(x,&): double distribution ansatz Lg(x)

Lg(x): known in terms of xg(x) and xAg(x) in the WW
approximation

L) = x |05 [Xa(x) — 288()

[Hatta, Yoshida]

OAM in DSA Measuring the OAM with ep dijets AG du GDR 2023



Measuring the OAM with ep dijets
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Cross section estimates

Numerical estimation

3
. 80 — OAM . — OAM Al.Sf —— OAM
2L 60 — Helicity L2 — Helicity QL — Helicity
3 — Total o — Total o 10 — Total
9 40 S g"
) 2 )
£ 2 c C
20 g o 5
-20 o S e N S I
0.0004 0.0006 0.0008 0.0010 0.0012 0.0006 0.0010 0.0014 0.0018 0.0009 0.0013 0.0017 0.0021
2 _ 2 2 2 2 2
QR =2.7GeV Q° = 4.8GeV Q" =10GeV
do
2
dydQ?dzd€dés |5y, o
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Measuring the OAM with ep dijets
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Summary

Conclusions
o GTMDs provide an intuitive definition of the OAM
e One GTMD in particular defines it
o Longitudinal SSA and DSA can constrain this GTMD
o DSA in exclusive DIS dijet probes both OAM and helicity
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