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Outline k

1. Progress in the last 6 years

o o =,

)¢<C_GTMDs (z, k1, A)>> 2 [22]

GPDs (2, A)
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Outline L'

1. Progress in the last 6 years
2. Accessing Orbital Angular Momentum (OAM) through GTMDs

——___——————— -

)¢ GTMDS (z, ki, A)>> —  [2]

-

An incomplete story: ‘ ‘ O O
/“) % —AZ}+AG+L‘?+L9
°/ | \

Best known How well do we know? ? ? Another major scientific goal of the EIC

/ | N\

Quark helicity Gluon helicity OAM of quarks & gluons
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Generalized Transverse Momentum dependent Distributions (GTMDs) Lf

Definition of a (quark) GTMD correlator:

1 [dz—d*Z, _
Wil = 5 [ B et < N5 W5 0 )l A >

zt=0
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Generalized Transverse Momentum dependent Distributions (GTMDs) Lf

—2z/2 z/2

Definition of a (quark) GTMD correlator:

— 2=
q[F] — 1 dz"d 1l ik.z ! 7 z z z z
WA’N B 5/ (27-()3 € <p ;)\ |d)q(—§)TW(—§’ §)wq(§)|p,/\ > s
Parameterization of correlator through GTMDs:
X q(w, , _‘ﬁ_, ﬁﬁ_’ ]; K 5 T) » A | :transverse momentum transfer

il 3 |
fraction of quark momentum of quark |

§ to nucleon
T : “average” longitudinal momentm/ \ = -
k| :“average” tramnsverse

_ __ A" :longitudinal mementum
pt4p’t 2P*  transfer to nucleon | 9
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Generalized Transverse Momentum dependent Distributions (GTMDs) kf

General results:

I. 16 leading-twist GTMDs for quarks (Meissner, Metz, Schlegel, arXiv: 0906.5323)
ii. 16 leading-twist GTMDs for gluons (Lorce, Pasquini, arXiv: 1307.4497)

ili. GTMDs are complex functions

10




Why are GTMDs interesting?



Why are GTMDs interesting?

1) GTMDs are the “Mother Functions” |

(Meissner, Metz, Schlegel, 2009) GTMDs (z, EL, A)

A=0 /d?,zgL

TMDs (, kl GPDs (z,A)

/d2 A= /da:

PDFs (z FFs (A)
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Why are GTMDs interesting?

1) GTMDs are the “Mother Functions” |

2) GTMDs contain physics beyond TMDs & GPDs

(Meissner, Metz, Schlegel, 2009) GTMDs (z, EL, A)
A=0 /d?,zgL

TMDs (z, k. ) GPDs (z,A)
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Why are GTMDs interesting?

3) Connection to Wigner functions , Wigner Distribution (z, IZ:L, Ii) (Belitsky, Ji, Yuan, 2003)

2-D Fourier Transform

(AL)

A

A

£€=0

(Meissner, Metz, Schlegel, 2009) GTMDs (z, EL, A)
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Why are GTMDs interesting?

3) Connection to Wigner functions , Wigner Distribution (z, IZL, Ii) (Belitsky, Ji, Yuan, 2003)

A

] S r Transform
Wigner distributions in NROQM f =0

(Wigner, 1932)

L)

. Calculate from wave-functions:

;o / , GTMDs (z, k1, A
1’1"’(&', k) — / (;iﬁe—zk;r Hr)(l‘ + %) U*(-f _ %) ( 1 )

T
— —

- Connection with probability densities &

observables:
K
* Position-space probability: ;.
l(x)|? = fdk' Wiz, k) 2D
* Expectation value of observables: a

<0>= /d:ﬂfdk‘- Oz, k) W(x, k)
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Why are GTMDs interesting?

3) Connection to Wigner functions , Wigner Distribution (z, IZ:L, Ii) (Belitsky, Ji, Yuan, 2003)

Wigner distributions in NROQM
(Wigner; 1932)

r Transform

L)

. Calculate from wave-functions:

!

. d:!:’ it :E" . T
L{.’ (1‘_’3 k) = / %e ikx LJ{-T _|_ E) L,.] (;}‘_’," . E)

- Connection with probability densities &
observables:

* Position-space probability:
l(x)|? = / dk W (z, k)

* Expectation value of observables:

<0>= /d:ﬂ/dk‘- Oz, k) W(x, k)

A

A

£ =0

GTMDs (z,k.,A)

Wigner distributions in parton physics
(Belitsky, Ji, Yaan, 2003)

1 Defined through F.T. of GTMD correlator:

W (2, k1, by)

O Application:
Orbital Angular Momentum (OAM)

Intuitive definition of OAM
<Li>=

/dar /dzf_ﬁ /dzgl(gl X EL)

(Lorcé, Pasquini, 2011 / Hatta, 2011 /
Ji, Xiong, Yuan, 2012)

I—"r’rg[?ﬂ (‘I’, EJ_, [_;J_)
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Why are GTMDs interesting?

Parameterization of a GTMD correlator (Meissner, Metz, Schlegel, arXiv: 0906.5323):

3) Connection

ioit ki

1
= Fyo+

s i A s i AJ
io'TA oYk A

PV 5(10': )\;) [Fl,l +

Wi TL Fy 3+ TL F1,4} u(p, A)

Pt

an, 2003)

vave-functions:

|z =/dm/d2kld2bl(z};xa)z/e'

Orbital Angular Momentum (OAM)

Intuitive definitio
<L?>=

/
/dx/dszfdzbl(bekl)

(Lorcé, Pasquini, 2011 / Hatta, 2011 /
Ji, Xiong, Yuan, 2012)

Iyghﬂ(ﬁ?, EJ_, EJ_)
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Why are GTMDs interesting?

Parameterization of a GTMD correlator (Meissner, Metz, Schlegel, arXiv: 0906.5323):

3) Connection

iott Al

AR
o'k
——=1 1,31

L Fy o+

¥ s B

an, 2003)

N .l Orbital Angular Momentum (OAM)

Intuitive definitiog OAM |

i 7 vl w1
Relation between GTMD F/ %Y & oam (01 < k)| Wi (@ ki, bu)

z

latta, 2011/

S T e PRSI 36, Xiong, Yuan, 2012)




Why are GTMDs interesting? k'

Parameterization of a GTMD correlator (Meissner, Metz, Schlegel, arXiv: 0906.5323):

3) Connection | M 2003)
TE— L___\,,T ]L_._m 1 .y _,__F . iit i i F AL igid ki AJ }

I GTMDs Z Ve P . P . \[<
/ ~—
\ 4

elitsky, A¥Yuan, 2003)

lator:

| . / B E N |

Big question: Is this measurable?

L2 "/f{-" / A~k el Relation between GTMD & OAM [0+ > L) | Wy (@ kL, bu)

‘ ’atta, 2011 / l
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Observables for GTMDs: State of the art



Observables for GTMDs

Exclusive dijet production in lepton-ion collisions at small-x (Hatta, Xiao, Yuan, arXiv: 1601.01585)

21
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Observables for GTMDs Lf

Exclusive dijet production in lepton-ion collisions at small-x (Hatta, Xiao, Yuan, arXiv: 1601.01585)

h— Jetl “Elliptic” Wigner distribution:

/

W(LE, EJ_,E‘J_) ~ Wo(CL‘, ’EJ_L |5J_D
+2cos2 (¢r — ¢p) Wi, kL], [bL])

T Elliptic part

Symmetric part
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Observables for GTMDs

Exclusive dijet production in lepton-ion collisions at small-x (Hatta, Xiao, Yuan, arXiv: 1601.01585)

©

h— Jetl “Elliptic” Wigner distribution:

W(.’L‘, EJ_,EJ_) ~ Wo(CL‘, ’EJ_L |5J_D
+2cos2 (¢r — ¢p) Wi, kL], [bL])

Main result:

do
dyldyng&LdﬂsL

o 2(1 — 2)[2* + (1 — 2)?] / d°k d°K | S(ky, A )SK,AL)

[P P~k B P
P?+e  (PL—Fky)?+ ¢ P?+e (P —Fk|)?+ ¢

~ dJ(} + 2cos 2 (gbpL — QbAL)d&
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Observables for GTMDs

Exclusive dijet production in lepton-ion collisions at small-x (Hatta, Xiao, Yuan, arXiv: 1601.01585)

©

“Elliptic” Wigner distribution:

W(LE, EJ_,E‘J_) ~ Wo(CL‘, ’EJ_L |5J_D
+2cos2 (¢r — ¢p) Wi, kL], [bL])

Main result:

do
dyldyng&LdﬂsL

x /dszdzk’LS(kL, ASKK,AL)

Cosine angular modulation

— ]_ — —

T e T
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Observables for GTMDs kr

AN DIV G, PV |

Exclusive dijet production in ultra-peripheral collisions at small-x (Hagiwara et al., arXiv: 1706.01765)

Same cosine angular correlation observed in UPC

Maii r-resure

do
dyldyng&LdzﬁL

0.6

Cosine angular modulation

— —

1 _,
~ P : _ . _ .
QCOSQ(QbPL_@ALU + 2(.72L ]1J_)| o5

Q




Observables for GTMDs

Coming up: 'e

What happens if target is polarized?

gq — Jetl

arXiv: 1612.02438 (2016)

@2 —> Jet2
Hunting the Gluon Orbital Angular Momentum at the

Electron-Ion Collider

o . 2 ~ r r ’ K
Xiangdong Ji."? Feng Yuan. and Yong Zhao'*

do

———— X 2(1 —
dyidysd? A\ | d? P

Cosine angula

~ (](7[]<

arXiv: 2201.08709 (2022)

Signature of the gluon orbital angular momentum

Shohini Bhattacharya,!'* Renaud Boussarie,>: T and Yoshitaka Hatta!:3:?




Observables for GTMDs

Exclusive double quarkonium production (SB, Metz, Ojha, Tsai, Zhou, arXiv: 1802.10550)

Nb(Pln )\b) Nb(p5n )‘;))

Color Singlet Model: (Kuhn et. al., 1979, ...)

- me(q) g

e,
- ~ n9(a2) | (%*‘W ! (%*”
S

N(L (pu,v )‘a)

N,(p,, X.) I (a) (b)

Main result:
1 VAL [k L L * = * >
§(TXY —Tyx) ~2Re. ¢ — A C i Fia(xa, ka1 ) F11(xp, Ky ) C[Fl,l(maapal) Fl,l(ﬁjbapbj_):|
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Observables for GTMDs

Exclusive double quarkonium production (SB, Metz, Ojha, Tsai, Zhou, arXiv: 1802.10550)

©

N!;(Pb, /\b) Nb(p$n )‘;))

Color Singlet Model: (Kuhn et. al., 1979, ...)

no(q1) g

-
- -
-

Na (pu,a )\u)

N,(p,, X.) I (a) (b)

Main result;

(Txy — 7vx) ~ 2Re. { Fia(a; ko) }

1

This linear combination of polarization observables is sensitive to gluon OAM

D =

28




Observables for GTMDs

Single-exclusive pp collisions (Boussarie, Hatta, Xiao, Yuan, arXiv: 1807.08697)

Main result:

Access Weiszacker-Williams gluon GTMD

Example: Result for x1 x1 production

/

do =~ F(SIZl, CL'Q)

Double PDF

—

Lo K2 Lo \?
Y (Gl(KL,Ag L Gz(KL,Ai))

/
\

Unpolarized & Linearly-polarized GTMDs




More developments ...

Im. Fiz|  =—f

arXiv: 1912.08182 (2019)

Probing the gluon Sivers function with an unpolarized target:
GTMD distributions and the Odderons

Renaud Boussarie,! Yoshitaka Hatta,! Lech Szymanowski,?2 and Samuel Wallon® 4
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More developments ... ¢
arXiv: 1912.08182 (2019)

Im. F ‘ _ n Probing the gluon Sivers function with an unpolarized target:
L2, 1T GTMD distributions and the Odderons

Renaud Boussarie,! Yoshitaka Hatta,! Lech Szymanowski,? and Samuel Wallon® 4

PbPb 0.38 nb' (5.02 TeV)

& T e e e
g i p, > 30 GeV
5 P, >20 GeV
A‘g 0.6 —— RAPGAP ln1’2|<2.4
5 Q<25 Gev
[}

Pr>0, The CMS Collaboration Michael Murray’s talk, DIS 2022

(1N
o
(6]

Angular correlations in exclusive dijet photoproduction in
ultra-peripheral PbPb collisions at /syy = 5.02 TeV
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More developments ... ¢
arXiv: 1912.08182 (2019)

Im. F _ 1 Probing the gluon Sivers function with an unpolarized target:
41,2 0 1T GTMD distributions and the Odderons

Renaud Boussarie,! Yoshitaka Hatta,! Lech Szymanowski,? and Samuel Wallon® 4

PbPb 0.38 nb” (5.02 TeV)
T TET

8 Fooms = o scer

B O7F 28 pan 2:;32 Gev

Ty W — ey o35 Gev

s N . . ’

" os Pr>0r The CMS Collaboration Michael Murray’s talk, DIS 2022

Angular correlations in exclusive dijet photoproduction in
ultra-peripheral PbPb collisions at /syy = 5.02 TeV

S
,‘; \‘NF\" ‘ @ [radian]
0.10 ota | | 3 . | . 1 . 3 3 .
........ 2 Elliptic Wigner distribution contributes to
0.08" elliptic gluon
arXiv: 2106.13466 (2021) B cos 4¢ asymmetry

Probing the gluon tomography in photoproduction of di-pions

Yoshikazu Hagiwara, Cheng Zhang, Jian Zhou, and Ya-jin Zhou

32

0.10
q.[GeV]
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More developments ...

arXiv: 1702.04387 (2017)

Generalized TMDs and the exclusive double Drell-Yan process

Shohini Bhattacharya,! Andreas Metz,! and Jian Zhou?

(a1, M)

¥3(qo, A2)

N(paa ’\a) NI(Ifa’ ’\Ia)

First & only process sensitive to quark GTMDs .

33



More developments ...

arXiv: 1702.04387 (2017) Example of an observable l

(Generalized TMDs and the exclusive dou

N

4 .. L
(Txy —7vx) = 2 (7 Aq Al )Re. {C’(_) [Fl,l ¢n] o) [ﬁJ_ ka1 FY 4 ¢5:r]

— o) [GIA ¢W] o) [EJ. ‘Par G 4 ¢:} }

This observable is sensitive to OAM & spin-orbit correlation

Y (g1, A1) GTMDs related to strength of spin-orbit correlation
(Lorcé, Pasquini, 2011/ Lorcé, 2014)

¥3(G2, A2) a/9

— —
Recall Spin-Orbit Re.|Fy.4 Lq/g - SN
coupling in H atom! ’

- /9 — -;\"‘-L
Re- Gl,l L(I/g . Sq/g Quark & Gluon

[ Nucleon

N(pa’ ’\a) N’(p:l’ ’\51)

First & only process sensitive to quark GTMDS

34



More developments ...

arXiv: 1702.04387 (2017) | Example of an observable

Generalized TMDs and the exclusive dou 1 | L iin i oA T T
3(_7.\'¥' - T‘:'.\'} o 12 \E :'—\“'h —\;,-_ ) Re.|q C" Wf‘m “-.J( ) W-ﬁ_ kal “J

Shohini Bhattacharya,! Andreas \lctz.' o _ -
— C'" |Grads ‘ C\ |8, Py G7 b ‘ \L

arXiv: 2208.00021 (2022)  First proof of factorization .
This @

GTMDs and the factorization of exclusive double Drell-Yan

Miguel G. Echevarri a®P, Patricia A. Gutierrez Garcia®, Ignazio Scimemi®

N y \ )

WY
b
7=
l{ 72, A2) o
S S Recqll S;}iLI_C)L‘ljiT F{[\‘ J"‘r.'_-"_rj‘ : b‘_\ [— Nucleon
o coupling in H atom!
N(pa, ’\a) N'(pf, X » N
| Re. C;l.l L /g 'S’q Ig Quark & Gluon

First & only process sensit



Our recent work

Signature of the gluon orbital angular momentum

Shohini Bhattacharya,!"* Renaud Boussarie,?: T and Yoshitaka Hattal:3:%

In Collaboration with: Based on:
Renaud Boussarie (CPHT, CNRS)
Yoshitaka Hatta (BNL) PRL 128, 182002 (arXiv: 2201.08709)
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Probing gluon OAM through exclusive dijet production

Inspiration

arXiv: 1612.02438 (2016)

Hunting the Gluon Orbital Angular Momentum at the
Electron-Ion Collider

s . 2 ™ ” g y r $
Xiangdong Ji,"? Feng Yuan.,? and Yong Zhao':*

We took a fresh look at this 2016 paper |

37




Probing gluon OAM through exclusive dijet production

Summary of the 2016 paper

arXiv: 1612.02438 (2016)

Hunting the Gluon Orbital Angular Momentum at the
Electron-Ion Collider

. - . o} y 2 » r .
Xiangdong Ji,"? Feng Yuan.,? and Yong Zhao':*

Longitudinal single spin asymmetry (SSA):

dA\o
dydQ?dS?

Z—z)(qL x AL)
g1 + 1

— oohy 2L 166(1 — y)Im[F; +4€2BFL|[C, + 862BL)

+(1+ (1 —y)?)Im[E; +262(1 = 2B)F*][Lg + 28(1/22 — 2)(Ly + 4% (1 — 28)L])]
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Probing gluon OAM through exclusive dijet production

Summary of the 2016 paper

arXiv: 1612.02438 (2016)

Hunting the Gluon Orbital Angular Momentum at the
Electron-Ion Collider

. - 9 ol y " » r .
Xiangdong Ji,"? Feng Yuan.,? and Yong Zhao':*

Schematic structure of SSA (oversimplified):

do
dydQ?dS?

~ ouly 064, — 63.) (2~ ) [ Im(E OL,(0)
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Probing gluon OAM through exclusive dijet production

Summary of the 2016 paper

arXiv: 1612.02438 (2016)

Hunting the Gluon Orbital Angular Momentum at the
Electron-Ion Collider

. - . o} y 2 » r .
Xiangdong Ji,"? Feng Yuan.,? and Yong Zhao':*

Longitudinal single spin asymmetry (SSA):

Signature of OAM is sinusoidal angular modulation

Moment of GPD

do
dydQ?dS?

d1L = q11 —q21

Jm(F5(§)Ly(8)

— Moment of OAM

40




Probing gluon OAM through exclusive dijet production

Summary of the 2016 paper

arXiv: 1612.02438 (2016)

Hunting the Gluon Orbital Angular Momentum at the
Electron-Ion Collider

. - . o} y 2 » r .
Xiangdong Ji,"? Feng Yuan.,? and Yong Zhao':*

Issues with SSA:

do

gL =q11 —q21 2d0%d0 " oohp sin(dq, — ¢a,) (Z — 2) {’Jm(F;(f)ﬁg(f))]
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Probing gluon OAM through exclusive dijet production

Summary of the 2016 paper

Issues with SSA:

d1L = q11 —q21 do
dydQ?dS?

SSA vanishes for symmetric jet configurations z

I

N

I
DN | —




Probing gluon OAM through exclusive dijet production

Summary of the 2016 paper

2
“Compton Form Factor”: | L g(g) e / d:z';( z°§Ly(z, &)

:1:2 _ 62 4 156)3

Issues with SSA:

d1L = q11 —q21

SSA vanishes for symmetric jet configurations z

Third pole at » = £ — potentially dangerous for collinear factorization

(See Cui, Hu, Ma, 1804.05293)

do
dydQ?dS?

(Fy (¢ @

I

N

I
DN | —
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Probing gluon OAM through exclusive dijet production

Our work

Signature of the gluon orbital angular momentum

Shohini Bhattacharya,!* Renaud Boussarie,?' T and Yoshitaka Hattal 3: 1

Distinct feature in our work

Double spin asymmetry (DSA):-

Both electron & incoming proton are
longitudinally polarized

44




Probing gluon OAM through exclusive dijet production

Scattering amplitude

6 leading-order Feynman diagrams

Scattering amplitude:

A x fd$fd2kj_ ;;L(x)ga(JJ_akJ_aA_L) xfg(xa'fa kJ_)A_L)

%

|
Hard part

I
Soft part

45




Probing gluon OAM through exclusive dijet production

Scattering amplitude

Twist expansion:

« Twist-2 amplitude: Proportional to gluon GPD

1
x+ & —ie)(x — & +ig)

. 2
2  1gs€em€q 1 _

26%(1 — 2p) 2
X (1+ ($+£_i€)(m_£+i€)) /d kixfo(r, & k1, AL)

1

195 €em€q 1

5 4£ZZQW(ﬁ(q1)’y_v(qg)) /d:):

Ne (¢ +p?) (x +& —ie)(z — &+ ig)

€23 )

2
x+ & —ig)(x — & +ig) /d krwfo(e,& ki, AL)

Braun, lvanov, 0505263 X (1 + (

46




LT = — /'dr/dzklﬂfzf‘ff(mk

Relation between GTMD F"’Y & OAM

Twist expansion:

« Twist-3 amplitude: Proportional to gluon OAM

iggeemeq 2(Z — 2)

gh exclusive dijet production

g amplitude

3(1 —
S (2§+(ff) u 2@)/d%iqrmfg(sc,g,m,m)

3 _ S e
AT N N, (Qi ‘|‘M2)2U(Q1) + ’YJ_U(QQ) /dil? (33‘2 — 62 —|—7,€g 2 _52 —I-ZfE)
92 Cemq 2(2 4%
- ng?\f } (((ﬁflij) By U(qz)/d$(x2—§§+iés)2 fdzhﬂ"ﬁ 2fg(w, &k, AL)
. 9 2= _
Ay = et B EZ I a01) o) [ o

N, (g5 + p?)3

(0% — &2 + ife)?

201 —
i (1+($§£ (1-5 ) [ hsan ka6 kAL

— &% + ige)
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~N
Probing gluon OAM through exclusive dijet production Lf

Scattering amplitude

9
( €2y ige)? | E(f’ﬂﬁ kixfg(x,& ki, A)

Factorization-breaking third poles at © = ¢ |

852 1— )
524—2&: —I—zfs Ckigr-kiafy(@,& kL AL
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Probing gluon OAM through exclusive dijet production

Note: Gluon GPDs may contain ~ 0(§ — |:17|)(;172 - 5'2)2

(See Radyushkin, 9805342)

Hence, integrals containing third poles are divergent

. r ( - (2)°(1—28)
(22 — &2 +i€e)? (22 — &2 +i&e)

Factorization-breaking third poles at © = ¢ |

kgl ko xfy(z,& ki, AL)

8¢*(1—
e (22 — f;E—F iée)? ( (22 _(f2 + Zéc‘ﬂ) koL -k :Bfg(x,f, ki,AL)
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Probing gluon OAM through exclusive dijet production Lf

Scattering amplitude

Switch off the factorization-breaking third poles by setting z = z =

4 (z-2) (20°(1 - 29)

kgl ko xfy(z,& ki, AL)

Factorization-breaking third poles at © = ¢ |

= 201 _
AL = = e e (e =) TSR ST NN

S

50
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Probing gluon OAM through exclusive dijet production Lf

Scattering amplitude

Switch off the factorization-breaking third poles by setting =

|
|

N[

Recall: Not possible in SSA

Issues with SSA:

3qL=q11 —q21 _do
Aj dydQ2dS) @

. .. . 1
SSA vanishes for symmetric jet configurations z = z = —

2

- (29°(1 —2p)

*kiqy ko afy(e, &k, AL)

F actorization-breaking third poles at ©z = +£ |

e

8¢2(1

—

—6) )> kgl ki xfy(z,& ki, A)

(22 — &2 + i&e

51




Probing gluon OAM through exclusive dijet production kf

Scattering amplitude

1
Switch off the factorization-breaking third poles by setting z = z = 5
A (z - 2) - (20°(1 - 2p)
- EEC N — €+ i)
12 2 = :
N ?c(;fl ?)gﬁ(m”_”(q” / b g gz | TR krafol@ gk, A)

DSA is sensitive to OAM through an interference between twist-2 amplitude A2 & twist-3 amplitude A§~ (No third pole)|
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Probing gluon OAM through exclusive dijet production

Scattering amplitude

Main result (z = 1/2):

DSA’s OAM part:

2107T4
Ne

/ dgpg, L' A% A, = —

h;hpoegafeme

X Re [{%gl)* —

2 (1+€)£EQ%

1— €279

“(qf +p2)?

2 2 2
§ g 497 (Héz)*— § g2+

[l [[AL|cos(gr, — da, )

1 + p? 1—¢ 7

) }Lg + (E,E”* -

a1 + 1

g

)

SRS
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Probing gluon OAM through exclusive dijet production kf

Scattering amplitude

; 5 ; 1
DSA does not vanish for symmetric jet configurations z = z = _
Main result (z = 1/2):

Consequence:
DSA’s OAM part:

Elimination of factorization-breaking third poles at x = +¢

/dgbqL L*"ALA, =

xﬂ%[{%&” £ (Hf” ggw)}gg

4——

“Compton Form Factors”: / ' J 2?Lg(2,§)
xI
—1

' ' Lol = e iz + € —iep

1 1
(1) /¢y - Hgy(z,§) (2)(¢y §Hy(x,§)
g (f)—/_ld (x — & +ie)(x + &€ — ie) %92 (f)_/_1dx(a:—£+ie)2(a:—|—f—ie)2
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Probing gluon OAM through exclusive dijet production

Scattering amplitude

Main result (z = 1/2):

DSA’s OAM part:

Scattered lepton angle

/ dpg, L' A% A, =

Signature of gluon OAM is cosine angular modulation
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n-‘AIA:IAN NII

o AYARA Heemee~b ~slusive dijet production

(Boussarie, Grabovsky, Szymanowski, Wallon, 1606.00419)

Schematic structure of SSA (oversimplified):

q — Jetl

lude

q2 — Jet2

do .
—_— = S111
dydQ?dS) @

)cg(a))}

Jet angle affected by gluon emissions

Scattered lepton angle

/dgqu L*"ALA, =

Signature of gluon OAM is cosine angular modulation
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Probing gluon OAM through exclusive dijet production

Scattering amplitude

Main result (z = 1/2):

DSA’s OAM part:

/dgqu L*"ALA, =

X ‘Re |

“Compton Form Factors”:

k.2

O(,€) = /koL—Fl (2. 6D, = 0)

M2

z0(z,§)

o) = ] 1

Y- tie2(@+E—ie)?
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Probing gluon OAM through exclusive dijet production

Scattering amplitude

Not the end of the story:
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Probing gluon OAM through exclusive dijet production

Scattering amplitude

Not the end of the story:

 Interference between unpolarized & helicity GPD (z = 1/2):

Helicity GPD

210 4
/d%LLWAuAV ===

C

) (1 - €2)6Q?

G

) 1L ||AL]cos(¢r, — da, )Re K%gl)* -

2
& e

1_&2 g

v 52
) (% - et
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Probing gluon OAM through exclusive dijet production

Scattering amplitude

Not the end of the story:

* Interference between unpolarized & helicity GPD (z = 1/2): Helicity GPD

/dcpqLLWAMA,, = cos(¢y, — oA, ) (”Hél)* )

)

Helicity contributes to the same angular modulation as that of OAM

DSA is a simultaneous probe of gluon OAM & it’s helicity
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Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

See backup slides for details on how we modelled
GPDs and OAM
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Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

Realistic EIC kinematics

Vs [GeV] | Q2 [GeV? (7] £
2.7
120 4.8 0.7 <1073
10.0




Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

Realistic EIC kinematics

Cross section:

do CGemy  Jdog L ARA,
dydQ?d¢;, dzdg? A, 21177Q* (W2 4+ Q?)(W?2 — M?3)z2z
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Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

Realistic EIC kinematics

Focus on:

1
2

=2 =

Study cross section as differential in the skewness variable

Cross section:

Relation between skewness & jet momenta:
do e 1 r

day @42

—q% +22(Q? 4 2W?)
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Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

do (pb/GeV?)

80

60

20

Q%=2.7

— OAM
—— Helicity
— Total

1 l 1 1 1 I | 1 1 I 1 1 1 I 1 1 1 I 1
0.0004 0.0006 0.0008 0.0010 0.0012

&
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Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

do (pb/GeV?)

80

60

40

20

20

Q2= 2.7

[Trr[prrrprrr

— OAM
—— Helicity
— Total

1 l 1 1 1 I | 1 1 I 1 1 1 I 1 1 1 I 1
0.0004 0.0006 0.0008 0.0010 0.0012

&

Q? = 4.8

— OAM
—— Helicity
—— Total

do (pb/GeV?)

1 I 1 1 I 1 1 I 1 1 l 1
0.0006 0.0010 0.0014 0.0018
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Probing gluon OAM through exclusive dijet production g

Numerical estimate of cross section

do (pb/GeV?)

Q? = 2.7 Q* = 4.8 Q* = 10

S0F — OAM —— OAM 1.5F —— OAM
60 —— Helicity —— Helicity AR S —— Helicity
C _ I 4 \
', Total Total 1 f-_ — Total

=
U
I

do (pb/GeV?)

_zh :I- R ’I PR I SRR SR TR (NN TR T SR N SR ST SR SN 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 - ' ) N ! ! | ! ! ! | f 1 1 | L
\ 0.000; 0.0006 0.0008 0.0010 0.0012 0.0006 0.0010 0.0014 0.0018 ~ 00009 0.0013 0.0017 0.0021

¢ £ 3
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Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

do (pb/GeV?)

80

60

40

20

20

Q2= 2.7

[Trr[prrrprrr

— OAM
—— Helicity
— Total

1 l 1 1 1 I | 1 1 I 1 1 1 I 1 1 1 I 1
0.0004 0.0006 0.0008 0.0010 0.0012

&

do (pb/GeV?)

Q? = 4.8

— OAM
—— Helicity
—— Total

0.0006

0.0010 0.0014 0.0018

Q? =10

15F —— OAM
Q r —— Helicit
z Ll y
& Lof —— Total
Ny L
Q0
e
S
]

1 I 1 1 1 I 1
0.0013 0.0017

3

it | 1 [ 1 1
0.0009

1 1 I 1
0.0021

DSA: f dog, L' ARA, |5, o ~Re [Hg1>*(g) ﬁg)(g)] — Re

[{%g”*(&) +

10 b, @)
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Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

We can show:

T - (<

12 (e) 2 omaf ) (¢ |

P ———

|2r

EE—

2 Jm?—[(l)(f) " 2Jm7—[(2)(§)}

1 &
3

~ 4
DSA: f dog, LM A% A, |5, o ~Re| H*(€) 'H;”(g)] —me[{%gﬂ*(g) ta fﬂ M (¢ )}Eg(ﬁ)]
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Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

We can show:

T - (<

12 (e) 2 omaf ) (¢ |

P ———

|2r

EE—

2 Jm?—[(l)(f) " 2Jm7—[(2)(§)}

1 &
3

DSA: qub LM AR A, o~ HD*() (’H(z)(&)Jr mlifLy, (5))
. qL V| sp=0 g Q2/4 g
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Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

3 —Q*/4

DSA: f dg, L' Ar Ay |5, ~ HD* () (’Ft;” (€) ﬁg(ﬁ))

7:'(;2) & [,g Interfere positively/negatively depending upon sign of qi




Cancellation expected between Helicity & OAM at small :13‘ kf

AG(x) =~ —Lgy(x) |




Cancellation expected between Helicity & OAM at small x

AG(x) = —Lg(x)

Q2 = 2l Q2 = 4.8

- —— OAM 5 —— OAM

°‘> 60F —— Helicity ‘:\‘> —— Helicity

[ ) C —— Total

8] (@) L

\ <

2 = L

e El:

S B O --\c--moma————————

= = C
C =l

_th 1 I I’I 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 C 1 I L 1 1 I 1 1 1 I 1 1 1 I 1 1

\\ 0.000l 0.0006 0.0008 0.0010 0.0012 0.0006 0.0010 0.0014 0.0018

Q? =10

— OAM
—— Helicity

: 1 1 ‘ 1 1
~ 00009

DSA: do, LM A* A (1)= 7(2) ¢. —Q%/4
: Pq. p V‘&qﬁ:ONHg (&) | H, (£)+Qi+Q2/4

AG(z) Lg(x)

£,(©)
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Cancellation expected between Helicity & OAM at small x

AG(x) = —Lg(x)

Q2= 2.7

do (pb/GeV?)

_2‘0: )

C — OAM
60 = Helicity

do (pb/GeV?)

s’ §

—I-I I 1 1 1 I | 1 1 I 1 1 1 I 1 1 1 I 1
\\ 0.000l 0.0006 0.0008 0.0010 0.0012

Q? = 4.8

— OAM
—— Helicity
—— Total

1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
0.0006 0.0010 0.0014 0.0018

3

Q? =10

— OAM
—— Helicity

do (pb/GeV?)

.o —2- !_l i
LT T 0 TN,

1 1 4 1 1
~ 0009

DSA: f 06y, L A% A,

Unique opportunity to study interplay between

AG(z) & Ly(x)

which has been so far only studied theoretically!

74




Probing gluon OAM through exclusive dijet production

Caveat:
« In practice, measurements are done in a window in z around z = 1/2

Corrections of order ~ (z — 1/2)? should be calculable in &, -factorization approach
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summary: GTMDs

GTMDs: Big picture

GTMDs are the holy grail of spin physics

<+——— Parton motion

Nucleon motion Snal)sh()ts of the nucleons 1D+2D diStribution in mixed Space

Generalized Transverse Momentum-dependent Distributions

GTMDs (z,k,,A)

fdQEJ_ .

GPDs (z,A)

3D distribution in momentum space
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Summary: GTMDs

GTMDs: Big picture

 GTMDs are the holy grail of spin physics

<+——— Parton motion

¢ Nucleon motion Snapshots of the nucleons 1D+2D distribution in mixed ipace

\E\G\ Generalized Transverse Momentum-dependent Distributions
o\\'\de‘
o . 4 ) .
pe_atll” Mapping GTMDs may be the ultimate goal of parton-structure studies
- - N=10 / \ [ 127, ¥ k_a-"z'T T F oz —_—
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summary: GTMDs

GTMDs: Big picture

 GTMDs are the holy grail of spin physics

<+——— Parton motion

Nucleon motion Snal)sh()ts of the nucleons 1D+2D diStribution in mixed Space

\E\C‘\ Generalized Transverse Momentum-dependent Distributions

<

coWe -
a\0 ot

el Mapplng GTMDs may be the ultimate goal of parton-structure studies

e N i T
» Interesting connection between GTMDs & spin‘physics

GTMDs related to OAM & spin-orbit correlation N
Hatta, 2011/ (Lorce, Pasquini, 2011 / Lorcé, 2014)

q/49 /9
Recall Spin-Orbit L / — F /
coupling in H atom!

qa/9
@ ; Re|Gi1 — Lq/g Sq/g
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Summary: GTMDs & OAM L

Summary of our work

 GTMDs are the holy grail of spin physics

« DSA in exclusive dijet production is a unique observable to access the gluon OAM @ EIC:

/ dpy, L' A% A, ~ — Re

I 1
Ry
o —

4
1)*(5) 4 qi iJ_u %(2)*(5)}£g(§)] (}OS(&QZZ‘{l — ¢AJ_)

+ Re H(”*(g) H? )(5)] cos(dr, —da.)
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Summary: GTMDs & OAM kf

Summary of our work

2
f dg, L' A% A, ~ — Re H’Hg“*(é) + %Hf)*(&) ﬁg@)] cos(¢r, — da.)

q] +u

Signature of gluon OAM is cosine angular modulationl
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Summary: GTMDs & OAM kf

Summary of our work

; 5 ; 1
DSA does not vanish for symmetric jet configurations z = z = 5 |

Q

2
f dg, L' A% A, ~ — Re H’H“)*(f) + %H?)*(&)}ﬁgwl cos(¢r, — da.)

Signature of gluon OAM is cosine angular modulati0n|
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Summary: GTMDs & OAM Q’

Summary of our work

; 5 ; 1
DSA does not vanish for symmetric jet configurations z = z = 7 |

Elimination of factorization-breaking third poles at x = ¢

4
fd¢qLL“UA*A Ng{e[ CIJ_ S(CbuQ’bAL)
g1+ u’

Signature of gluon OAM is cosine angular modulati0n|

Consequence: |
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Summary: GTMDs & OAM kf

Summary of our work

; 5 ; 1
DSA does not vanish for symmetric jet configurations z = z = 7 |

Consequence:

Elimination of factorization-breaking third poles at x = ¢

/ i r ror a2

DSA is a unique observable to study interplay between gluon OAM & helicity! }EQ(@] cos(¢r, — da.)

Signature of gluon OAM is cosine angular modulati0n|

L 1 | 1
0.0009 0.0013 0.0017 0.0021

£
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Summary: GTMDs & OAM kf

Summary of our work

; 5 ; 1
DSA does not vanish for symmetric jet configurations z = z = 7 |

Consequence:
Elimination of factorization-breaking third poles at x = ¢ |

/ i r ror a2

DSA is a unique observable to study interplay between gluon OAM & helicity! }EQ(@] cos(¢r, — da.)

Signature of gluon OAM is cosine angular modulationl

|

First realistic numerical calculation of observable sensitive to OAM @ EIC |

— . : -
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Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

Ingredients for non-perturbative functions

10 4 2
‘ /dqquLMUA*A __2 hlhp s Gem € qE +‘f)/f? |l ||A ‘COS(¢5L ¢AL)
J_

g

2
< Re [{%51)*_5_5(1)*+ 24@ (H(z)*_lf—g‘-?g?@*) }£g+(5(1)*+ 24@

1—-&27 q1 + p?

210 4 ( 62)
f g, 11" Ay = =iyl S LA cos(ér, — da)
T )

SRS
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Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

Ingredients for non-perturbative functions

* Neglect contributions from (£, Eg) , F o —— Very simple formula

10 4 2
. /dqquLMUA*A __2 hlhp s Gem € qE +‘f)/fci |l ||A ‘COS(¢5L ¢AL)
J_

4 2
X Ae [{Hgl)* + % (H(Q)* }Eg +

104 2
f dby. L' A, A, — %h;hpaiaemeq (( : fl)f? 1L I1AL | cos(dr, — b )
e | (5 ) (6 )
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Probing gluon OAM through exclusive dijet production k

Numerical estimate of cross section

Ingredients for non-perturbative functions

* Neglect contributions from (£, Eg) , F o —— Very simple formula

* Model (H,, ﬁg) according to the Double distribution approach (see for instance Radyushkin, 9805342)

Hy(,€)\ - B (¢ o e o (1)
(H (2, € )‘f 5 1008 L




Probing gluon OAM through exclusive dijet production k

Numerical estimate of cross section

Ingredients for non-perturbative functions

* Neglect contributions from (£, Eg) , F o —— Very simple formula

* Model (H,, ﬁg) according to the Double distribution approach (see for instance Radyushkin, 9805342)

Hol,8)) _ o 15[ 18)° — o?P
(~ )—f dﬁ/ dad(f +&a — ) X TEIE ﬁAG >jAMPDFS

1+|8]

N/ , 1 0.4] PRD 93, 074005/
111211\11{1?1164 0.3 PRL 119, 132001

0.2}
NNPDF3.1 | ol

. — JAM 0.0

-0.1}

== xAg

g

PRD 101, 074020

103 102 01 03 05 07 g




Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

Ingredients for non-perturbative functions

* Neglect contributions from (£, Eg) , F o —— Very simple formula

* Model (H,, ﬁg) according to the Double distribution approach (see for instance Radyushkin, 9805342)

Model for OAM:

1. “OAM density”: (Hatta, Yoshida, 1207.5332)

Lan(T)
i

x/; () + By(al)) - 23;/3:

1 d.CC,
WAG((E,) + genuine twist-three
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Probing gluon OAM through exclusive dijet production k

Numerical estimate of cross section

Ingredients for non-perturbative functions

* Neglect contributions from (£, Eg) , F o —— Very simple formula

* Model (H,, ﬁg) according to the Double distribution approach (see for instance Radyushkin, 9805342)

 Model for OAM:

1. “OAM density”: (Hatta, Yoshida, 1207.5332)

a:’/\‘/’\:\éx Ldy! Ldy!
LI (x) =~ x/ F(Hg(:c’) + E,(2")) — 23;/ FAG(CL‘,)—F genuingfyist-three

91




Probing gluon OAM through exclusive dijet production k

Numerical estimate of cross section

Ingredients for non-perturbative functions

* Neglect contributions from (£, Eg) , F o —— Very simple formula

e Madel (H H ) accardinn tn the Danihle distrihition approach (see for instance Radyushkin, 9805342)
arXiv: 2207.03378 (2022)

Small-z evolution of the gluon GPD E,

Yoshitaka Hatta»? and Jian Zhou? A

Ey(z) o< Hy(z)
WW

approx L da! L da!
LI (x) =~ x/ F(Hg(:c’) + E,(z")) — 23;/ FAG(CL‘,)—F genuingfyist-three

4 4

o) =2'G(z") Neglect &,
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Probing gluon OAM through exclusive dijet production

Numerical estimate of cross section

Ingredients for non-perturbative functions

* Neglect contributions from (£, Eg) , F o —— Very simple formula

* Model (H,, ﬁg) according to the Double distribution approach (see for instance Radyushkin, 9805342)

 Model for OAM:

1. “OAM density”: (Hatta, Yoshida, 1207.5332)

LY

can

Ww
approx

(z) ~

x/; i—i(ﬂg(w’) ) - 23;/3:

1 d.CC,
FAG(;;;-’) + genuingfist-three

2. Use the Double distribution approach to construct zL,(z, &) from «L,(x) (GPD-like approach)
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