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Outline

 Generalized TMDs & connection to spin physics

« Observable(s) for quark/gluon OAM & spin-orbit correlations:
1) Exclusive heavy (axial-) vector meson production
2) Exclusive pseudoscalar meson

«  Summary



Outline

 Generalized TMDs & connection to spin physics



GTMDs - The “mother function”

Generalized Transverse Momentum-dependent Distributions

(Meissner, Metz, Schlegel, 2009)  GTMDs (z,k.,A) See also:
Pisano, Uji’s talks
A=0 /dQEL
Qiu'stalk TMDs (z.k)) GPDs (2, A)

fd%;

PDFs (z) FFs (A)



GTMDs/Wigner functions - The “mother function”

Wigner functions (z,k,,b,) (Belitsky, Ji, Yuan, 2003)

A

2-D Fourier Transform

(AL)

(Meissner, Metz, Schlegel, 2009) GTMDs (z, EL, A)
A=0 /dQEL

TMDs (z, %) GPDs (z, A)

fd%;

PDFs (z) FFs (A)



Spin of proton

Jaffe-Manohar spin decomposition

An incomplete story:
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Best known

/

Quark helicity ~ 309

How well do we know?

v

Gluon helicity ~ 40%

AY + AG + L7 + L9
\

229992292

OAM of quarks & gluons

So far, no experimental constraints on OAM of quarks & gluons




Wigner functions & Orbital Angular Momentum

Wigner functions in Quantum Mechanics Wigner functions in parton physics

(Wigner, 1932) (Belitsky, Ji, Yuan, 2003)

« (Calculate from fourier transform of GTMD correlator:

« Expectation value of observables: i (, EL, gﬂ

(0) = / da / 46O (., k)W (k)

» Application: Orbital Angular Momentum (OAM)
L99 = /dx/d2de2bl(Bl X ki), W9 (z,b,,k,)

(Lorcé, Pasquini, 2011 / Hatta, 2011)




GTMDs & Orbital Angular Momentum

Wigner functions in parton physics

(Belitsky, Ji, Yuan, 2003)

« Application: Relation between GTMD Ff”f & OAM

L k2
L9 = —/dﬂj/d2kLﬁJ_2Fﬁf(m,kJ_,£:O,AJ_ = 0)

(Lorcé, Pasquini, 2011 / Hatta, 2011)
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GTMDs & Orbital Angular Momentum

Gauge-invariant extension

e - Wigner functions in parton physics

W 3 (Belitsky, Ji, Yuan, 2003)
§ Kinetic

T

' Ji, Xiong, Yuan, 2012

W : Canonical
IS| FSl - Application: Relation between GTMD F’{ & OAM
g o e — i
T B
e.g. DY e.g. SIDIS | Hatta, 2011 LYY = - /dﬁ'f/dQ]ﬁﬁLg F1q,ﬁg($a k1,£=0,A, =0)

(Lorcé, Pasquini, 2011 / Hatta, 2011)
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GTMDs & Orbital Angular Momentum

Wigner functions in parton physics

(Belitsky, Ji, Yuan, 2003)

Spin-orbit entanglement in the Color Glass Condensate e (Calculate from fourier transform of GTMD correlator:

2o 3 y D ¢ ? 3 o3l
Shohini Bhattacharya,®* Renaud Boussarie,> T and Yoshitaka Hatta®**

T — —
4RI TS
2404.04208
Jecllspi ot »  Application: Relation between GTMD G'{'9 &

(53 G8 s Lals . guls spin-orbit correlations

e
Cr9 = fd:c/d%ﬁg GI9 (2 k1, € =0,A, =0)

(Lorcé, Pasquini, 2011/
SB, Boussarie, Hatta, 2024)
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GTMDs & Orbital Angular Momentum

Big question:
Experimental observable?
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Developments
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FIG. 1. Electroproduction of a 7 meson at small . The gray
blob represents the interaction with the background field, and
the white blob represents the Distribution Amplitude of the
meson.
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Opportunities through
exclusive meson production?



Outline

« Observable(s) for quark/gluon OAM & spin-orbit correlations:
1) Exclusive heavy (axial-) vector meson production



Our work

*

Gluon Generalized TMD signatures at the EIC from exclusive heavy
(axial-)vector meson production

Shohini Bhattacharya,!'* David DeAngelo,!' T Lei Yang,>'* Duxin Zheng,® ¥ and Jian Zhou** Y

>

& & | S/

ArXiv: 2601.17506

Main Observable:

Interference between different virtual-photon
polarizations leads to distinct azimuthal modulations,
including cos 2¢ and sin 2¢ terms, that are sensitive
to gluon OAM and spin-orbit correlations

21




Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

-

| 33

I

A
7

6 leading-order Feynman diagrams 5




Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

-

] 33
I

Tt oA

6 leading-order Feynman diagrams

Scattering amplitude:

Hard part

v

MO(/d.CE/CF]CJ_ H(iC,g,Z,kJ_,AJ_)fg(ﬂﬂ',f,kJ_,AJ_)V/dZQSV(Z)
pad

e

Soft part from

proton

T
Meson
Distribution Amplitude

23




Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

Hard part

v
M x QH(xagazka_aAJ_)fg(xrfakJ_rAJ_))

Let us now unpack the calculation of the hard scattering
kernel step by step.




Probing gluon OAM & spin-orbit correlations via vector-mesons

Sketch of calculation

M a/dx/d%@ H(x,& 2,k A1) f9(x, &k, AL

Collinear twist-expansion of hard part:

OH(ki Ai=0)| 1 OH(ki=0A1))
p b

Hk, ,Ay)=H(k, =0,A, =
(ki,AL) (kL =0,A1 =0)+ ok} k=0 OAY A =0




Probing gluon OAM & spin-orbit correlations via vector-mesons

Sketch of calculation

S/

M a/dx/d%@ H(x,& 2,k A1) f9(x, &k, AL

Collinear twist-expansion of hard part:

H(kJ_JAJ_) :H(kJ_ :OJAJ_ — 0)

T

Twist 2 term 7é 0




Probing gluon OAM & spin-orbit correlations via vector-mesons

Sketch of calculation

M a/dx/d%@ H(x,& 2,k A1) f9(x, &k, AL

Collinear twist-expansion of hard part:

OH(k,,A, =0)
k"

\ J
|

Twist 3 term 7é 0

H(k, =0,A
o QHRL=080) pu

Hk, ,A)=
( 1 J-) k=0 aA'{i A =0




Probing gluon OAM & spin-orbit correlations via vector-mesons

Sketch of calculation

M x /dszH(az,f,z,kL,AL)fg(x,g,kL,AL

H(ki,A))=

A x /dsz_kﬁ_ GTMD




Probing gluon OAM & spin-orbit correlations via vector-mesons

Sketch of calculation

S/

M x /dszH(az,f,z,kL,AL)fg(x,g,kL,AL

oS Y

Collinear twist-expansion of hard part:

H(ki,A)) =

A x GPD




Probing gluon OAM & spin-orbit correlations via vector-mesons

Sketch of calculation

M m/dx/d%@ H(z, &2,k ,AL) f9(x, €, kL,AL)/dquV(z)

Collinear twist-expansion of hard part:

The scattering amplitudes are a linear combination of moments of GTMDs and GPDs

« This interplay is itself physically significant, as it connects two
complementary descriptions of hadron structure

* An opportunity to simultaneously constrain both GTMD and GPD
dynamics within a unified exclusive framework




Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

Scattering amplitude:

M x / dz;zﬁv(z)

This work: Meson twist-2
Distribution Amplitude

Ongoing work
(SB et al):

twist-3
Distribution Amplitude




Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

-

] 33
I

Tt oA

6 leading-order Feynman diagrams

Scattering amplitude:

MO(/d.CE/CF]CJ_ H(iC,g,Z,kJ_,AJ_)fg(ﬂﬂ',f,kJ_,AJ_)V/dZQSV(Z)

« Upon performing the collinear twist expansion of
the hard scattering kernel, we find contributions
from both twist-2 and twist-3 terms.

32




Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

-

] 33
I

Tt oA

6 leading-order Feynman diagrams

Scattering amplitude:

MO(/d.CE/CF]CJ_ H(iC,g,Z,kJ_,AJ_)fg(ﬂﬂ',f,kJ_,AJ_)V/dZQSV(Z)

« Upon performing the collinear twist expansion of
the hard scattering kernel, we find contributions
from both twist-2 and twist-3 terms.

« Calculated scattering amplitudes for specific
polarization configurations of the virtual photon and
the vector meson.

Notation: /\/['Y* M

33




Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

M,Y* ,M CFFs:
%Lﬁf:_/l S =2 I_EHQH
= Photon Polarization ' (=gt +E—ie)  my
[\ S 1 da .
M=Meson Polarization HIT = /_1 T — Ji-ens,,
.- . . . _ dz &2 \/1—53
Proton helicity-conserving amplitudes (z=1/2): Wh= [ e e B
1 dx ix€/1 — &2
?{’Tﬁr—f L oy
LL Y LL ‘ (x—&+ae)?(z+ & — ’LE) my elJ
M= Coz v {He 55} N R o
- }-'iric _/ L ( 1 J_)Fg
Mll = C(S,\j)\r(.j_* FJ_) {H<ff ’ 1 (®=& —zs) (x + & +ie)? mv«/l—gl 1,1
ol . ~ g il -y % TL 52 2 ki 14
MI L = C(},\,A’ {(FJ_ . AJ_) (?’I{( fr + ‘FIJ{,]_L) + A (FJ_ X AJ_) ‘Fl{ gl,l = _m . dm'?nv(ﬂ’?-l—f—f€)2($—€+i€)2 /d ki (W) (JT,].
’“* . A L (7 % A } - 1 1 ’ izé ) (H ) ’
T (FJ— J‘) 1,1 (FJ- J‘) ( ‘ff T g Fia = /1—¢2 ) d'mv (x+ & —ie)2(z — & +ig)? fd kL M? Fra
M =0 GTL — / dx 2i¢* (h Al)(rf;‘
14 (r—E&+ie)?(x+ £ —ie)? my ﬂ 71,4
g ¢?
C_l6@'ﬂeeqozsfvmv Hopp=H' =¥’
o 2 ~ 2
Nc (mv+Q2) H;{}f:Hg_1§£2Eg 34




Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

o
/bqv M
= Photon Polarization
M =Meson Polarization

Proton helicity-conserving amplitudes (z=1/2):

Gluon OAM

TL
M =

A ) AL) Fid

Gluon’s spin-orbit correlations

CFFs:

Q\/l_‘ggHg

%LL__/I dx
ST Gt et i) my el

! dr
TT _ 30
Hepy /_1 (z—&+ie)(x+ & —ig)ﬁ eff

TL _ dx EV1-6 .,
HEE — s VA
g (z—&+ie)(x+ € —ie)?2  my
/'L 1 dx ix€/1 — &2 g
'prf: - Y ! . Hﬁff

: gz —&+ie)(z+ & - ’LE) my

1

A= dr (k AL)FQ
' —1(7'—'—’5&‘) (z+ & +ie)? m;“/l_(c)z 1,1

TL
91,1 - =

TL _
Fid =

d’r & /dzk ﬁ a9
1/1_52 T mv@+E—ie2(z—E+ig)r )] T\ ) T

1 ! iz€ ‘ k2
—_— dx d’k FY
/1—¢2 ) Imv m+§—i€)2(m—§'+?ﬁs)2f + (}W) 1.4

TL
i1 = /(r—&ﬂs)( T+ & — ie)?

Hipp=HY ~
/g _ o
HY, = H

dx 2?62 k'J_ AJ_ ('g
my z—] — 6'3 71,4
52
EY
1-—¢2
2 o~
- 35




Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

o
M’y M
= Photon Polarization
M =Meson Polarization

Proton helicity-conserving amplitudes (z=1/2):

M = 0 «—— COMPASS validated

162meeq osfv my

= TN+ 09

CFFs:

wh=-[ dr QVI-€

V(=& +ig)(z+ & —ie)  my efJ

! dr
TT _ 30
Hepy /_1 (z—&+ie)(x+ & —ig)ﬁ eff

TL _ dx EV1-6 .,
HEE — s VA
g (z—&+ie)(x+ € —ie)?2  my
/'L 1 dx ix€/1 — &2 g
'prf: - Y ! . Hﬁff

: gz —&+ie)(z+ & - ’LE) my

1

A= dr (k AL)FQ
' —1(7'—'—’5&‘) (z+ & +ie)? m;“/l_(c)z 1,1

TL
91,1 - =

TL _
Fid =

o & /d% L g
1/1_52 T mv@+E—ie2(z—E+ig)r )] T\ ) T

1 ! iz€ ‘ k2
—_— dx d’k FY
/1—¢2 ) Imv m+§—i€)2(m—§'+?ﬁs)2f + (}W) 1.4

GTL — / dz 2?2 h AJ_ »
b (x —E+ie)*(xz + & —ig) mvﬂ 1,4
2
HY,, = HY9 — § EY
2
H’Q - H9 — £ Eg -
eff




Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

*
M’y M
~*= Photon Polarization
M =Meson Polarization

Proton helicity-non conserving amplitudes (z=1/2):

MEE = Coy {(Ai X SL)gLL}
MIT = 0ol - ) {(AL x 5.) 87T
MPE = Conoa { (1 x S1) FTE = (7 x S1) 614}

MIT = 0

162meeq osfv my
N. (m3, + Q2)

C:

CFFs:

gLl _ ]1 ' dxr | Q 1 J ol
g (x=&+ig)(x+ & —ic) my 2M /1 — €2

s _ fl | dx | 1 o
1 (x =& +ie)(x+ & —ig) 2M /1 — €2

x€ 27, k1
Iﬂ/ my (z+ & —ig)?(x — € 4 ig)? -/d = (ﬂﬂ)rlgz

-2 kQ
:—M’«,/l—{Q/ $ = —g+zg)2fd2kl (MQ)GM

mv x+ & —ig)?
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

C
do = _L;LUMHM*U
25

&:& O"W

38




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

do= L,

&:& O"W

Unpolarized leptonic tensor:

LMV — Q(ZMZ:, -+ Zul;) — gWQQ

39




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

do

M*ULM*L’

Unpolarized leptonic tensor:
LMV — Q(ZMZ:, -+ Zul;) — gWQQ

Hadronic tensor
(photon-helicity amplitudes):

MH = Z EﬁMl*p

A=0,+

M*V — Z (__iy(M;\Y*p)*
A=0,%

40




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

Next, expand the hadronic tensor into 9 linearly-independent tensor structures:

k=1

9
MEM — Z i [i}go Mp./\/lf;] | See: Koike, Nagashima, 2003/

Manley, Kovchegov, 2025




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

Next, expand the hadronic tensor into 9 linearly-independent tensor structures:

VI = XEXY 4 YRYY,

VIV = THXY 4 XMTV,
VI = XEXY — YHYY,
VI =i (TFXY — XPTY),

k=1
Virtual-photon polarization states:
VIV =THTY,
1 i
TH = €, X“:—E (el — ), Y”’:—E (el +€).

L polarized T polarized

(positive/negative helicity)

VY =i (XHYY —YHXY),
VY =i (TFYY — YHTY),
VY = THY? 4 YTV,
VY = XHYY + YHXY.

Linearly
independent
tensor structures




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

Next, expand the hadronic tensor into 9 linearly-independent tensor structures:

>

k=1
Virtual-photon polarization states:

1 i
TH = €, X“:—E (el — ), Y”’:—E (el +€).
L polarized T polarized

(positive/negative helicity)

~ 1
Viw _ 5 (X,uXu + Y‘U'YU) 7

i}gﬂ/ — T,LLTV’

~ 1
VY = S (XX YY),

Vi = L(rexv - XPTV)

b

i

~ 1
P = -5 (THXY + XHTY),

Vi = —5 (XMYY YR,
VY — % (THYY — YHTY),
Vi = ; (THY" + YFTY),
Vi = % (XYY +YHX").

Linearly
independent
Inverse tensor
structures




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

Using the hadronic decomposition, we can write our cross-section as:

C ° v Yl *
do = g(LW VEY) (VBT MM

44




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

Using the hadronic decomposition, we can write our cross-section as:

C
d (L ‘W
k=1

2
1°(1 -y + % -
LW = Al U;’ z) 4

2
4Q%(1 —y + &
L‘!M/VMU = Q ( 2J 2 ) * €
Y

2
1Q%(1 —y + L |
L VY = A 2J 7) * (—1)4/2€(1 + €) * cosg

Y

Contraction of leptonic tensor with
linearly-independent tensors yields

1Q*(1—y+ L) | distinct angular modulations
LV} = 5 27 % €% cos2p
Y
2
1?1 —-y+ % |
LV = @ 2y z) * (—1)4/2€(1 + €) *sing P.q
P-l
2
1Q2°(1 —y + % 1—
L'!“/‘V.Uru _ Q ( Y 2 ) % € % 311'12(}5 ) € — —U12

12 l=y+35y 45




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

Using the hadronic decomposition, we can write our cross-section as:

Y LV *
Vi M M =

VY M, M,

\ YLV *
Voo MM,

VY M, M,

\ LY *
Vo M, M,

VE M, M,

3 ~A

Contraction of hadronic tensor
with
linearly-independent
Inverse tensors

1(| My o2+ IMypyosl?) < Transversely-polarized
2 photon cross-section

My o4]?

1 N *
_ERC[MVP!;U—F(MV;)’,—%— o Vp’,++)]

—Re[Myp 4+ My, 4]
1 *
G Im|MYp o Myp,—4 + My 44)]

ImMyy 1 My ]

MVP'-“:*I)
V' = meson polarization
p’ = outgoing proton helicity
~* = photon polarization

p = incoming proton helicity 46




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

Using the hadronic decomposition, we can write our cross-section as:

c 9 ) ) Contraction of hadronic tensor

~ yites * with

T2 Z @ Mo MD linearly-independent
\/

Inverse tensors

N AL * 1
V{ M,UMIJ — _(lMVp’,.++‘2 + |MV3>’,—+|2)

uu M M = My @|2 ) Longitudinally-polarized
I p' .
photon cross-section

1
\ YLV * * *
V3 MM, = _ERC[MV’P’;U+ (MVp’,—+ N Vp’,++)]
;!LU * *
M“M R.C[MVP"’_F{_MVPJFJ__}_]
~ 1
[z * *
VS M“MU — _ﬁIIIl[MVPI,”‘}— (MVP’:_+ —I_ MVP"?—{——{—)} Mv,/_a,*,,
V' = meson polarization
,u,u p’ = outgoing proton helicity
M“M T IIIl[M Vp',++ M Vp',— +] ~* = photon polarization

p = incoming proton helicity 47




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

Using the hadronic decomposition, we can write our cross-section as:

Y LV *
Vi M M =

VY M, M,

N LY *
Voo MM,

VY M, M,

\ LY *
Vo M, M,

VE M, M,

3 ~A

1
§(|M‘Vp’,.++\2 + |Mvp’,—+|2)

Contraction of hadronic tensor
with
linearly-independent
Inverse tensors

|MVP'JJ+ |2
1 _
_ERC[MVP!;U+(M*V;{)’,—+ _ g{fp',++)]
i Interference terms
—R.C[M fo’_}__|_Mfo=_+] between
1 . — different photon
—_ ﬁ III]- [M Vp"_][]—}— (M Vp-‘ ,—+ —I_ MVP" ++ )i| polarizations V-A_/t‘nll);:(:lli -

ImMyy 1 My ]

p’ = outgoing proton helicity

~* = photon polarization

48

p = incoming proton helicity




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

2
do o (1 YT ?) do do do do
em T L LT TT
— — 2¢(1 —_— 2
dydQ2dtde — 272 yQ? [ g teg TVl Feoso—yT 4 ccos20 =g
d sin . d sin
+ v/2€¢(1 + €)sin¢ Udt ® 4 esin2¢ adtw




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

do B
dydQ?dtdy

(1 —y+
Qlem
272 y()?

)

dt

Remarks:

1) For definite circular polarization of the meson, only one term survives:

dO_r T ) 2 — 2 Nr1r12
S5 e ot oo S
do T2 2 . 2 2
ot 32008 02{5“" Hegsl +0nx |AL| ‘5TT‘ }

With transversely-polarized mesons,
the cross section is
only sensitive to GPDs




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

1 v
do 8% ( — Y + ?) dO‘T dO‘L dO’LT dO‘TT
= Sem ZL 4 261 LT 2
dydQ2dtde — 272 yQ? [dt teg TVl Fe)cosomaT 4 ecos2g —
d sin . d sin
+ v/2€¢(1 4+ €)sin¢ Udt ® + esin2¢ odtw

Remarks:

2) For the longitudinally polarized vector meson case, the cross section can be expressed in terms of GTMDs.
In general, all structure functions contribute; here, we present two representative examples.




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

yz
1 — .
do Qe ( v+ 2 ) cos?¢>dgqu
dydQ?dtde 272 y()? dt
\/
Remarks: Gluon OAM
2) Examples of longitudinally-polarized vector meson cross section: /
dJ%T m% 2 L 2 1214,7L T o2l v 2l e TL 71|
dt = _167TQ4 CRERWY [ - §|AL| ‘/Heff + ]:1,1 + g1,1 + 5\&\ ‘-7:1,4 - %,eff - g1,4‘ } )

dagin 7 N N T Lx .
2 = B CQ{ — O AAL Re[(HeTfI}JFFEfJFQEf') (Ff:f ~Hepp —Gii H '

dt  16mQ*4
Gluon’s spin-orbit /
correlations 52




Probing gluon OAM & spin-orbit correlations via vector-mesons

Cross section

y?
1— I

do Qe ( v+ 2 ) 0320 dorT
dydQ?dtdp — 2m? y()? dt

Remarks:

2) Examples of longitudinally-polarized vector meson cross section:

0 )
dorr B Ty

at ~ 16mQ*

,TL

1 - 2 1 = 2
02{5&)\,[_§|AL|2\%§’;}+$3}+ Gi v +§\AL\2‘.FE£—%BH—Q{£‘ }}

The cos 2¢ modulation stands out as a particularly striking signal: it can be measured with an
unpolarized proton. Thus, this signal provides a clean laboratory signal for probing the
gluon OAM and gluon spin—orbit correlations.
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Axial-vector production

Brief remarks:

* For the vector meson results, we assumed that the quark anti-quark pair shared an equal amount of
the meson’s momentum (z=1/2).
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Axial-vector production

Brief remarks:

« For the vector meson results, we assumed that the quark anti-quark pair shared an equal amount of
the meson’s momentum (z=1/2). However, for the axial-vector case, both the twist-2 and twist-3
contributions vanish at the symmetric point z = 1/2. Thus, obtaining a nonvanishing result requires

working away from this point (see Appendix of arXiv: 2601.175086).




Axial-vector production

Brief remarks:

« For the vector meson results, we assumed that the quark anti-quark pair shared an equal amount of
the meson’s momentum (z=1/2). However, for the axial-vector case, both the twist-2 and twist-3
contributions vanish at the symmetric point z = 1/2. Thus, obtaining a nonvanishing result requires

working away from this point.

Example: Diagram “a
Notation: M M

twest

(a)

8imav (m%y —Q%)&%(1-22)%€" (77K

T,L L
Ht&h  (mE, (22(2—1)+€(422 —62+1))+2Q% (2—1) (§+2) ) (m? , (2z2+£(422 —22—1))+2Q22(z—¢))
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Axial-vector production

Brief remarks:

For the vector meson results, we assumed that the quark anti-quark pair shared an equal amount of
the meson’s momentum (z=1/2). However, for the axial-vector case, both the twist-2 and twist-3
contributions vanish at the symmetric point z = 1/2. Thus, obtaining a nonvanishing result requires

working away from this point.

Complementary opportunities in axial-vector meson production




Outline

2) Exclusive pseudoscalar meson



Our work

PHYSICAL REVIEW LETTERS 133, 051901 (2024)

Probing the Quark Orbital Angular Momentum at Electron-Ion

Colliders Using Exclusive z° Production

Shohini Bhattacharya®,' Duxin Zheng®,” and Jian Zhou®’

{ o

7T

Main Observable:

Y

Longitudinal single-target spin

asymmetry
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Probing quark OAM through 70 production in ep collisions

Scattering amplitude

Y

D\\

4 leading-order Feynman diagrams
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Probing quark OAM through 70 production in ep collisions

Scattering amplitude

v | / Scattering amplitude:

Y

Am/dx/d% H(az,g,z,kL,AL)fq(x,g,kL,AL)/dqu,r(z)

D\\

Collinear twist-expansion of hard part:
OH(k,,A,=0) OH(k,=0,A)
Hk,  ,A))=Hk, DA, =0 ’ Er ’ AN+
ki, B1) ( L><L )+ ok} /“:oLJF OAN a0t T

We find contributions from only twist-3 terms.




Probing quark OAM through 70 production in ep collisions

Angular correlations

Scattering amplitudes depend on different angular correlations:

2 2
_ gseffr (Nc - 1)25 €] X A
M= e e g e

2 2
gefﬂ-(N —1)25 MEJ_'SL m by ppes .
My = 2 c Sx— FiotG St = (0F,07, —i, \)
2T AN iie YT @ eraeh o
g2ef. (N2 —1)2 €L - A
My = Wl Ne Z DX\ €0 Biz Lo

2v/2 N2 /1€ " Q
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Probing quark OAM

Angular correlations

Scattering amplitudes depend on different angular correlations:

My = Fii+Gi1}
My = - {Fio+ G2}

My = {Fia+Gi4}

Compton Form Factors (CFFs):

A1 ‘)__) [—)A- l“".{;(.,'.C.A ‘l‘. )
Frq = / (-[./'l—j’ R ——
Ly

, = =
(€ —te)s(— & 2e)*

1 % 2 \
ho(2) 1+ 2 — 2)
. / e — ) (8)
J0 :"'LI _A)'
] 3| 2 9 94
. i Or(2)(x° + 2272+ &°)
e / (/.1'/ (l*‘2(1‘—"—1'(—‘)3['/'—'(—4-1'6')2
o =1 J0O 2l 6 S - £ S =
. , A-) |
X /(/“A'l T ,"1'1’1( E.A k), (9)
F g / C(] _'E ’."(l‘_’l‘._l]‘,g[]“;(]l -A_AL)
b2 — /,ul \/(l*f—i()(./—Ean)")
% |
~(z)(1 < —
,«/ e Bl i (10)
_(1 =
/ / “( 224+ €2)(1 - €?)
1*5—1() (r—£+;‘()‘-’
vu-t/ 7, = /
./(/ll \[) II)( EA[.]\_). {ll)

Fia = /l (l-,-"\ J Pk k] Fy (e, &AL Ky )
i ' \1(1*‘—/(-_) (ax —£+/t)")

|

: Px(2 F 22— 2)

[laeelisstos) o5
-(I—.:,)-

1 GO oy 9 9
x(dE“z+E° —2x°z + x°)
Gia = / ’/.r/ g S hs _ - (2)
J— 0 =

226(x + € —i€)%(x — & + i€)?

X

1
x/(FI.'L(:;‘;’(, EA) k). (13)




Probing quark OAM through 70 production in ep collisions

Angular correlations

Scattering amplitudes depend on different angular correlations:

My = {F1,a+Gi4}

Sensitivity to quark OAM

£ [k BB (5,6 A 1 ki)

1 'E
f = / (/.I'—‘._ —— T
i J M?2(x + € —ie)?(x — € + i€)?

¢ (2)(1 + 22

z)

|
X/ dz
JO

22(1 — 2)2

(12)




Probing quark OAM through 70 production in ep collisions

Cross section

do (N2 —

1)%2az2,, a3 f2E3 A%

em s

. a2
dtdQ?*dxpdd  2NA(1—£2)Q10(1 +¢) [1+-v] ‘ Unpolarized

M?
X { [|-7:1 1+ Gial® + | Fia +Gral? +2 |f1 2 + G129 ] + cos(2¢)a |—|Fi1 + Gial® + | Fra+ g1,4|2}

+Asin(2¢) 2a Re [(z’flA +1G1.4) (ff,1 + gil)] }

|

a =

bSingle spin asymmetry

2(1—y)

1+(1—y)?
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Probing quark OAM through 70 production in ep collisions

Cross section

do (N2—1)%2,a2f2¢3A2

em s

dtdQ2dxpdd  2NA(1 — £2)Q10(1 + ¢)

[1+(1—y)?]

+Asin(2¢) 2a Re [(i}-l,4 +iG1 4) (ff,1 + gf,1)] }

‘ Hadronic plane
, ¢

Distinguished experimental signature of

quark OAM W
e T a

¢ = ¢, — Pa, 0

Leptonic plane




Probing quark OAM through 70 production in ep collisions

Cross section

do (N2—1)%2,a2f283A2

em —s

dtdQ?dxpdd  2NA(1 — £2)Q10(1 + &)

[1+(1—y)?]

M?
{ [|-7:1 14+ Gial® + | Fia + Gral? +2 !-7:1 2 + Gi 2] ] + cos(2¢)a |—|Fi1 + Gia|* + | Fra+ g1,4|2}

| Surprise!

* Probe quark Sivers function through an unpolarized target | Im [F} 5] \ Aep = — flJ_T

(Similar to the gluon GTMD F 5, as discussed in Boussarie, Hatta, Szymanowski, Wallon, 2019)




Probing quark OAM through 70 production in ep collisions

Cross section

do (N2—1)%2,a2f2¢63A2

em —s

2
dtdQ?dxpdd  2NA(1 — £2)Q10(1 + €) [1+(1-y)"]

M?
{ [|-7:1 1+ Gial? + | Fia+Gral? +2 |-7:1 2 + G1,2] ] + cos(2¢)a |—|Fi1 + Giil* + | Fra+ g1,4|2}

| Surprise!

» Probe quark Sivers function through an unpolarized target | Im [F} 5] ‘A:O = —ft

- Probe quark worm gear function through an unpolarized target | Re |G 2] \A 0 = 91T




Probing quark OAM through 70 production in ep collisions

Cross section

do (N2—1)%a2,a2f263 A%

em —s

dtdQ2dxpdd  2NA(1 — £2)Q10(1 + &)

[1+(1—y)?]

M2
X { [|-7:1,1 +GialP | Fra+ Gial® +2-—5|Fr2 + 9’1,2|2] + cos(2¢)a |—|Fi1 + Gii|* + | Fia+ gl,4|2}

Al

Helicity flip terms persist even when A | — 0




Probing quark OAM through 70 production in ep collisions

Theoretical complications

70




Probing quark OAM through 70 production in ep collisions

Theoretical complications

End-point singularity

Fi4 =

Model-dependent method:

1—(p3)/Q?
/ 2 o dz (p%2 ) = 0.04GeV*® determined based on a fit to CLAS data
(p1)/Q

S. V. Goloskokov and P. Kroll, 2005




Probing quark OAM through 70 production in ep collisions

Theoretical complications

End-point singularity & discontinuity:

Fia =

U af [ PRI AL R Y e(2) (1 22— 2)
’ /_1de2($ Y E—ie)(x—£Etie)2 /0 dz

22(1 — 2)?

Model-dependent method:

1

\ 1
(z—E+ie)? " (z—&—(p2 )/ Q% +ie)2

l. V. Anikin, O. V. Teryaev, 2003




Probing quark OAM through 70 production in ep collisions

Numerical results

Kinematics:

Q*(GeV?)  /5.,(GeV)
EIC 10 100
EicC 3 16




Probing quark OAM through 70 production in ep collisions

Numerical results

Kinematics:

Q*(GeV?)  /5.,(GeV)
EIC 10 100
EicC 3 16

« We focus on large skewness (¢£) region to suppress gluon contribution




Probing quark OAM through 70 production in ep collisions

Numerical results

Kinematics:

Q*(GeV?)  /5.,(GeV)
EIC 10 100
EicC 3 16

« We focus on large skewness (¢£) region to suppress gluon contribution

- We focus on large momentum transfer (t) region to suppress — > 2 >VWV
XX

Y

contribution from Primakoff process

o~ | =




Probing quark OAM through 70 production in ep collisions

Numerical results

do(pb/GeV?)

Unpolarized cross section

20 ¥ v v w - Flnd|ngs
EicC _ _ .

* The unpolarized cross section exhibits a
151 — EICx100 | notable magnitude at EicC energy

« Relatively small at EIC energy
10}

. This strong suppression with increasing Q2
' suggests that it may be particularly

— interesting to study this reaction in the
0 — kinematic range accessible at JLab.

0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12

3
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Probing quark OAM through 70 production in ep collisions

Numerical results

A

<sin 2¢

Asymmetry

0.40
0.35}
0.30¢
0.25}

0.20¢ EicC

0.15 —_

0.10 e
0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12
3

429 sin(2¢) dP.S.
sin(2g)) = JE2ENCY P
55 dP.S.

Findings:

The asymmetries are substantial for both EIC
& EicC kinematics
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Probing quark OAM through 70 production in ep collisions

Numerical results

do(nb/GeV?)

Comparison with CLAS data (. Bedlinskiy et al., Phys. Rev. C 90, 025205 (2014))

400 .
Q> = 2.21GeV? Tiot
300§ |
{E E Unpolarized cross section:
2001 dop | a dor,
dt dt
100¢

1.0 1.5 2.0
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Probing quark OAM through 70 production in ep collisions

Numerical results

do(nb/GeV?)

Comparison with CLAS data (. Bedlinskiy et al., Phys. Rev. C 90, 025205 (2014))

400

&

200

100}

Q? = 2.21GeV?

Findings:

Otot
e Qur theoretical model is in reasonable

agreement with experimental data

0.5 1.0 1.5 2.0
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Outline

Summary



Summary

« Generalized TMDs/Wigner functions are the holy grail of spin physics
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Summary

Probe gluon OAM & spin-orbit correlations via exclusive heavy (axial-) vector production

do

dydQ?dtdo -

2
y-
i oo
Qem ( a 2 > [

22 yQ?

dod.; . T2
dt —  16mQ4

1~
02{5A,A,[— SO [Hery + FiT+

g

TL
1,1

1 -
ZIA |2
+2| n

1T L
_Heff_

g

TL
1,4

1}

The cos 2¢ modulation stands out as a striking signal: it can be measured with an unpolarized proton
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Summary

 Probe quark OAM via exclusive w° production in ep collisions

A

<sin 2¢

0.40

0.35
0.30}
0.25}

0.20 EicC
0.15 — EIC

0.10
0.05 0.06 0.07 0.08 0.09 0.10 0.11
§

0.12

Y

« Asymmetry is substantial & thus exclusive 7° production
in ep collisions maybe a promising route to constrain
quark OAM

do (N7 —1)*ed ol faeld A%

—_ temts 1 i )
dtdQ%dzpdy  2NA(1 — £2)Q10(1 + &) [ +(1~=Y) ]

+Asin(2¢) 2aRe [(iF1,4 +iG1.4) (Fi1 + G14)] }
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Backup slides




Probing quark OAM through 70 production in ep collisions

Model input for numerical estimations

Ingredients for non-perturbative functions:
+ Model (H?, HY) according to the Double distribution approach (see Radyushkin, 9805342)

Example:

=1l 1. 3t[(1—|,8|)2—a2}
H(z,€,t) f dﬁ/mﬁldaa §+€a—2)x o8 ST Rl

AM 2022 PDFs
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Probing quark OAM through 70 production in ep collisions

Model input for numerical estimations

Ingredients for non-perturbative functions:
+ Model (H?, HY) according to the Double distribution approach (see Radyushkin, 9805342)

Example:

-1 IS T
H(a, €, 1) fd6/1+|ﬁldoe56+£a ) G g )

The t-dependence is determined based on a fit to CLAS data




Probing quark OAM through 70 production in ep collisions

Model input for numerical estimations

Ingredients for non-perturbative functions:

+ Model (H?, HY) according to the Double distribution approach (see Radyushkin, 9805342)

« Model for OAM:

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

L? (x) = 39/ —q — x/ Y+ genuine twist-three
xT




Probing quark OAM through 70 production in ep collisions

Model input for numerical estimations

Ingredients for non-perturbative functions:

+ Model (H?, HY) according to the Double distribution approach (see Radyushkin, 9805342)

« Model for OAM:

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

ww
approx
L? (x) = 39/ —q — x/ Y+ genuineAWwigt-three
xT




Probing quark OAM through 70 production in ep collisions

Model input for numerical estimations

Ingredients for non-perturbative functions:

+ Model (H?, HY) according to the Double distribution approach (see Radyushkin, 9805342)

« Model for OAM:

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

ww
approx
L? (x) = 39/ —q — x/ Y+ genuineAWwigt-three
xT

2. Use the Double distribution approach to construct zL4(x, £)et/? from xL9(x)




Probing quark OAM through 70 production in ep collisions

Model input for numerical estimations

Ingredients for non-perturbative functions:

* Pion distribution amplitude:

Asymptotic form | ¢r(z) = 62(1 — 2)




0.40 - - - - . -

0.35

A 0.30

N

c 0.25

v
0.20 EicC
0.15 —_— EIC

0.10
0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12
§

FIG. 3: The unpolarized cross section, as given by Eq. (15),
is displayed in the top plot for EIC kinematics with Q% =
10 GeV? and VSep = 100GeV, as well as for EicC kinemat-
ics with Q* = 3GeV? and VSep = 16 GeV. The unpolar-
ized cross section for the EIC case is re-scaled by a factor of
100. The bottom plot shows the average value of (sin(2¢))
given by Eq. (16). The variable ¢ is integrated over the range
25392
[—0.5GeV?, — 22~ The error bands are obtained by vary-

ing the value of Nd (p7) from 150 MeV to 250 MeV and the

value of o', which determines the t-dependence of the various

distributions in the double distribution approach (see supple-
mentary material), from 1.2 to 1.4.
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We notice that other fitting for gng) (x) exist too [82]. Meanwhile, the k£; moment of F} 5 can be related to the Qiu-

Sterman function,

/C2
/ kL =2 Im[Fy (0, € = 0,00 = 0,k.)]

2
= _/koL%fllT(x,kL) =Trlza) (6)

where the Qiu-Sterman function is parametrized as [83],

(ciq + By) @atFd)
a;‘q ng

with o, = 1.051, a4 = 1.552, B, = B4 = 4.857, and N,, = 1.06, Ng = —0.163. See also Refs. [84], [85], and [86] for

the state-of-the-art extractions of the Sivers functions. Once the z-dependence of the k£; moments of F; 2 and G is
reconstructed as explained above, we reconstruct their (£, t)-dependence in accordance with the double distribution

Tr(z,2) = N, 2%(1 - z)Pq(a) (7)
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dx Q\/1—§2H

1
et = _/_1 (z—E+ie)w+E—ie) my P

ELL:_/I dz Q 1 E<,
1 (@=E+ie)(z+E—ie) my 2M /1€

1 dzx
T ‘/

L (x—E+ie)(z+ € —

Frr _ /1 dx 1 E9
Jo1 (@ —E+ie)(z+ & —ie) 2M /1 - €2
. 1 dzr fQM
3¢ :
CFFs: Hess = /_1 G- EtER@tE—@l my e
2/ TE _ /1 dx lIE\/@H g
eff = P (x—§+i6)2($+§_i5)2 my eff’

L2 1 (@—€&—ie)2(z+ €+ i) my \/1—52 AY .

GTL — _ 1 ldT & /d2k ﬁ GY
=" e ) Ty rE—iep@—crie ) M2 ) Ui

- 2
PL /T = 22 S / 2 ol
—M\/l—EQ/ dx & /ko LR
my(z+€—ie)2(x—E+ie)2 ) T \M2) MY

1 2
TL _ Mg 2 (KL po
Frg = V1-8J dmmv(m—i-{—'ie)?(:v —&4-1e)? ./d L (1”2) e

gTL e

~/ dx 2i£2 / ky - A*)G"
W= | Gorie)@+E—ic) my \/1—52 =

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)
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1 LUIU ICpLULL pPJLallc, 1 11C U\l.l-g,Ulllg’ ICPLULL IHUILITHILULL JUHIUWD LI ULLL IHUIHTHLULL CULIDTL Vaulusdl. U puil Lu.uluu.uug, Lo
resulting leptonic tensor with the tensor structures of the basis constructed from the photon polarization vectors, as
described above, we obtain the following distinet angular modulations:
L, V§¥ xcos¢, Ly, Vi « cos2¢, (66)
X 6
Lo VE oc8in g, Ly V5 csin24.
Here, ¢ may equivalently be identified as the angle between the lepton scattering plane and the hadron production
plane provided we choose A = (|AL|, 0), which we adopt to keep the expressions simple (and for this reason we
henceforth drop the subscript I; from the angle). These angular modulations are well known in the literature [45-47]
and originate from specific interference patterns: the cos ¢ and sin ¢ terms arise from the interference between twist-2
and twist-3 amplitudes, while the cos 2¢ and sin 2¢ terms arise from the interference between twist-3 amplitudes.
Next, we work, without loss of generality, with an initial proton of positive helicity and proceed to calculate the

second term in parentheses of Eq. (61). Below, the photon-helicity amplitudes will be denoted byl Mypr y-p. It
then follows straightforwardly that the differential cross section for exclusive vector-meson electroprofluction can be

written as

/'.)
. 0 \' VYT ) [dor | dop . do
_ %em [ £y dog + 2f(l+()(’05(b + €cos2¢ IT

dydQ?dtded  2m? yQ? dt dt dt
do Osind i dasin'Zq‘) .
2¢(1 + ¢€) sinp—— g T esin 2¢ i (67)
where the individual structure functions are expressed as
dor .I" X
3t = 52ngt (Myvesl +Myp %), (68)
dor, .I" v
16 167Q " (69
dopr \/_1 Ny * o
dit = 327 Q4 R(.[MVP'-O*‘ (’w\ =+ Vivp 4 *)] 3 (I‘O)
daTT .I B »
dt - l()ﬂ‘Ql R( [j\/“x'p/._+ + J‘w‘,-pl.“ ;] 3 (71)
dasin \/—.l'
'Ta = 5271_(234 Im [;\4‘ 04 Mvup—p + Myy 1y )] ) (72)
dasin’lo -r‘j >
& 16707 Im [.,\/1\ oot M 5, ] (73)
Here we have expressed our results in terms of the virtual-photon flux parameter e, defined as, € = % The
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meson with positive circular polarization (V' = +), the results read:

4 2
([(],l, Ty el 8 oty ) - P2 12 [~pn)2
=L = C2? a8 [HI | +8x-n |AL] |ETT] 3, 74
dt — 32xQ° AN At | (74)
and vanishing in all other cases. Similarly, in the case of a vector meson with negative circular polarization (V = —),

the results read:

da-,_ u .IB
dt  327Q°

c? {,sM, ML + 65—y |A

3 lq} ; (75)

and vanishing in all other cases. Both of the above results arise from the interference between twist-2 contributions.
Finally, for longitudinally polarized vector meson (V' = 0), the results read:

(10-(;]- Ty 13 5 - X 121 TL VTLI2 © 2| erL i i
dt ¥2:.Q‘ & ()'\"\’[A Hery + 1 1 +Gir| + AL ’-Fl.‘l —Hoepr— 91, 1‘ ]

+ 28y _x ifl 2 — éllzl‘ 8 } (76)
do}  aj . EEAE o 5 oS
—_— ('- ) ’ y 4+ Oy A6 g ‘ . .
dt 167Q* o [Hegl A—x|AL"(E -

ol Wf2ak;
Cir  ¥°° {AM'\/.IAlRo[H"(H”‘ + A el |

(It ;21«(2‘
+ 8-y V2| Re[E"* (FI3" - G117 | } (78)
d"?"r s Ju c?ls 15 2 |yTL (11_ 1.5 2 }- 'H' ~1L' 79
2 = ~Tomg O O | — 5IALP [HEfy + FLE +0TE + 51 ess = k| (79)
(](I? P \/:)-_1 o _ — T o
e = omon O — O NAL| Re[VEHI; (FLE - ~ 6Tk |
— A —w|AL| Im[ 2L (FTE - GTL) ] } (30)
dasm"u J'if ~2 o A2 TL 11, ' 11* (TL= 71Lk
= e O —haNA, Re[ (WIf; + FIE +6T4) (FIb - wify —alis) | & (81)

Here, do{) /dt arises from twist-2 x twist-2 contributions, while the do? T/ /dt and do?, ,/dt terms result from the inter-
Twist natu re: ference between twist-2 and twist-3 contributions. All remaining terms involve purely twist-3 x twist-3 contributions.
- From these expressions, we conclude that the polarization-independent cos 2¢ and polarization-dependent sin 2¢ terms

prov 1(19 oweptlonall\ rlvan slcrnatm('s of thv trluon ( TMDs F; 4 and ;3. While other observables, such as doy /dt 95



Final cross section: longitudinal meson

do? a2 2
i~ 520 f”{m[lmlﬂlmfﬁ b GTEP 4 \Bul |k - wty - ot ] 2o |FTE - GTH] }
r,ir:rL .ri; + o lznLl?
dt — 167Q° C*{ dax [Hefy | + 001K |g |
dotr _ V223 o TLe | pTLs | GTL _ sLL (FTLe _ GrI First ever results for
& 32008 O W V2|A.| Re [H«u (Merf + Fia™ + 91 )}‘5%—*' V2/AL “"{‘5 ( ~ 12 )] heavy vector DVMP
cross section in terms of
dotyr Th 2 2 TL o2, Lix 2| erL ' TE GTMDs
T T TR "’{_ I A [Hefy + FiT + GLE [+ 5184 |':E1=’1 ~Hers =G ‘ }

do? V2 2 o o - — —
S o - P LLow ” TL v ‘ < L% - .
di L»_.’:'Tfji ¢ z{ — da AlAL | RR[VEH::_;I (*FII,;; jiJ’f g ) } — Adx, - a|AL Iﬂl[‘vﬁgi : (-J’T‘l{é - glfi) } }

sin2¢ __ Tr}j v N2 11 L T L=
dt  16mQ1 ¢ { — oA AlAL Rﬂ[ (prf ‘|‘ g ) ( —Hepr —Gi4 )]}
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