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Wigner function - The “mother function”
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Wigner function - The “mother function”

Generalized Transverse Momentum-dependent Distributions
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Wigner function - The “mother function”

Wigner functions (z,k,,b.) (Belitsky, Ji, Yuan, 2003)
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2-D Fourier Transform
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Spin of proton

Jaffe-Manohar spin decomposition

An incomplete story:
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Wigner functions & Orbital Angular Momentum

Wigner functions in Quantum Mechanics

(Wigner, 1932)

Calculate from wave functions:

Wiak) = [ Goe ™ vt )@ 5)

Expectation value of observables:

(0) = /dm/dk@(;c,k)W(;c,k)
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Wigner functions & Orbital Angular Momentum

Wigner functions in Quantum Mechanics Wigner functions in parton physics
(Wigner, 1932) (Belitsky, Ji, Yuan, 2003)
Calculate from wave functions: « Calculate from fourier transform of GTMD correlator:
dz’ ... ' x’ T, 7 7
Wz, k)= | —e Y(r+ =)y (x — =) W8, ky,b1)
27 2 2
Expectation value of observables: » Application: Orbital Angular Momentum (OAM)
(O) = /dm/dk@(:c, YW (2, k) L19 = /dx / Pk d?b (b x k1), W9 (2,b, k)
(Lorcé, Pasquini, 2011 / Hatta, 2011)




Wigner functions & Orbital Angular Momentum

Wigner functions in parton physics

(Belitsky, Ji, Yuan, 2003)

« (Calculate from fourier transform of GTMD correlator:

W[F] (33‘, EJ_, B)J_)

« Application: Relation between GTMD Fﬁf & OAM

L2
L19 = —/da:/cﬂ/ﬂﬁg Fl(z,k1,6 =0,A =0)

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

Big question:
Experimental observable?

« Application: Relation between GTMD Fﬁf & OAM

L2
L19 = —/da:/cﬂmﬁg Fl(z,k1,6 =0,A =0)

(Lorcé, Pasquini, 2011 / Hatta, 2011)
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Generalized TMDs and the exclusive double Drell-Yan process
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Developments I\~
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Exclusive double Drell-Yan:

Until now, this has been the sole known process |
sensitive to quark GTMDs i

k] Al X =21




Probing quark OAM through double Drell-Yan

Main findings
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Probing quark OAM through double Drell-Yan

Main findings

Example of an observable sensitive to OAM & spin-orbit correlation :

1 4 S o
5 (TXY — 'TYX) - M2 (ETAQZAQL) Re. {C(_) [Fl,l ¢7rj| CH_) |:/8L ' kai F1*,4 Cb:cr}

_ o [G1,4 qﬁﬂ} c-) [51 ‘Dot G714 Gb;] }

Spin-orbit entanglement in the Color Glass Condensate

Shohini Bhattacharya,’* Renaud Boussarie,?> T and Yoshitaka Hatta3 % *

2404.04208 r_

Recall Spin-Orbit

coupling in H atom!
C/‘_: e G(11,/1g — [4/9 . §4/9
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Probing quark OAM through double Drell-Yan

Main findings

Challenges:

« Low count rate (Amplitude ~ «2,))

24




Probing quark OAM through double Drell-Yan

Main findings

Challenges:

 Low count rate (Amplitude ~ o?2,,

« Sensitivity to GTMDs only in the ERBL region —¢ < o < &

7.2
OAM density: L‘i’/g(ac,ﬁ) = — /dQlﬁ% Ff’,’f(a:,kl,ﬁaAL =0)

OAM: [L4/9 = /da: L99(z, & = 0)

The challenge lies in extrapolating the distribution to the forward limit, where the
OAM equation is applicable

25




Our work

arXiv: 2312.01309 (2023)

Probing quark orbital angular momentum at EIC and EicC

Shohini Bhattacharya,! Duxin Zheng,? and Jian Zhou?

/

0

Main Observable:

Y

Longitudinal single-target spin
— asymmetry
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Exclusive 7w° production in ep collisions

Known results

dO'T

dt

dopr
dt

/

The coupling of twist-2 helicity-flip chiral odd GPDs with the twist-3

Y

distribution amplitude of the neutral pion yields the leading power
contribution to the unpolarized cross-section:

D\\

e

| Mo— 1+ = @O L = & Hy

— (| Mo— 4 > +2 | M :

2/4;(| 0— 4+ |7 +2 | Mot 4+ [7) i) B
Mot ++ = —@ Aom <ET>

/|
T | Moy 4+ |* cos(2¢)

See for example L. Frankfurt, P. Pobylitsa, M. Polyakov, & M. Strikman, 1999
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Probing quark OAM through 70 production in ep collisions

Scattering amplitude

Y

N D\\

4 leading-order Feynman diagrams

28




Probing quark OAM through 70 production in ep collisions

Scattering amplitude

/

Y

Scattering amplitude:

Am/dx/dzmH x,f,z,kL,AL)fq(x,g,kL,AL)/dzqiﬁ(z)

(
$ $
I I I

Hard part Soft part from Pion Distribution
proton Amplitude

29




Probing quark OAM through 70 production in ep collisions

Scattering amplitude

/ Scattering amplitude:

Y

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

Collinear twist-expansion of hard part:

OH(ki, A1=0)| N OH(ki=0.A1) ., .
w Hoy

Hk, ,A1)=H(k, =0,A,=0
( 1 J_) ( 1 g = | )_I_ aklj_ k =0 aAﬁL_ A =0
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Probing quark OAM through 70 production in ep collisions

Scattering amplitude

/ Scattering amplitude:

Y

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

Collinear twist-expansion of hard part:

H(ki,AL)=H(kL=0,A =0)

T

Twist 2 term vanishes

31




Probing quark OAM through 70 production in ep collisions

Scattering amplitude

/ 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: ( A ‘
OH(k,,A,=0) OH(k,=0,A)
Hk , A )=H(k,=0,A, =0 : K : A+
( 1 J_) ( 1 y = | )_|_ akjj_ kJ_:OJ__'_ aAﬂj_ A =0 J_—I_

Use special-propagator technique to ensure electromagnetic gauge invariance
(J. W. Qiu, 1990)




Probing quark OAM through 70 production in ep collisions

Scattering amplitude

/

Y

Scattering amplitude:

A x /d2kJ_H($,£,z,kL,AL)fq(ac,{f,kL,AL)

H(kJ_aAJ_) —

A x /dsz_kﬁ_ GTMD

33




Probing quark OAM through 70 production in ep collisions

Scattering amplitude

/

Y

Scattering amplitude:

A x /d2kJ_H($,£,z,kL,AL)fq(ac,{f,kL,AL)

Collinear twist-expansion of hard part:

H(kJ_aAJ_) —

A x GPD

34




Probing quark OAM through 70 production in ep collisions

Scattering amplitude

/ Scattering amplitude:

Y

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

Collinear twist-expansion of hard part:

Consequently, the scattering amplitudes are a convolution of moments of GTMDs and GPDs and are
of twist-3 nature

35




Probing quark OAM through 70 production in ep collisions

Angular correlations

Scattering amplitudes depend on different angular correlations:

giefr (N2 — 1)255 €l X A}
_ N

M, = Fi1+G
LT Gl e @ e
gefﬁ (N2—1)2£ MG_]_ SJ_ 7 A5 ppe .
My = = £ Iy Fia+ G, St = (07,07, —14,\)
2 f (N2 —1)2 A
My = igsefx (NG )6)\5 €L J—{-7'—144—914}

2/2 N21-e2 QP

36
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Probing quark OAM Compton Form Factors: X
L] . l"[ C '
Angular correlations Fia = / = AR Rk A k)
. g (‘I‘L'C—I\‘)(.l'—fﬁ-[.r’)j
/.1 ]*' b2 )(l + 22 — 2) (8)
Scattering amplitudes depend on different angular correlations: ‘ 2(1 — 2)?
. ) 4r.:).2+'2.r‘-’:+£2)
Ukt = / / e
x | d%k; (:'; vd(p &, Ay, kL), (9)
M, = Fii+6Gi1} / ‘] .
e 1 _{_fu — &%) [ Pk k2 F3%(x, €, AL, K1)
R -/~1(J" \[(l~—‘—l(](l—f—}-lr)'-Z
_ B o )(1 —2) ,,
My = - {.7:1,2 + g1,2} X dz= 3 (10)
Gy — / / (2 2 5-)(1{)-)
E—l() (1 — & 4+ 1€)*
My = {Fira+Gia} /,/ Lt \[) G (n 6 AL kL) B
flll _ /"1 ([.I',l'\ ’)(/_/\_Lifllljll(lE.A_,wj)_ )
i M=4(x+ & —ie)*(x — & + 1€)*
-1 3 3 ;
x/ d2mEl0 + 2 —2) (12)
JO “(1 —
S & : 4 7 .l‘{-l&’gc +£2 =952 + 22)
Ui4 = ./_1(/.1 '/“ (l".tl')f(J £ —ic)? (/—C—{-)() =0r(2)
X / (] ]\_L(T’SI _1f{( Dy \ .A_L ]\'_). { l:%)




Probing quark OAM through 70 production in ep collisions

o

Angular correlations

Scattering amplitudes depend on different angular correlations:

{Fi1,4+G14}

Sensitivity to quark OAM

AT ——>- =57 5
M=4(x+ & —ie)*(x — & + 1€)*
)

.1 NS
O (2)(]1 + 2 — 2
Jo 24(1 — z)-

S /-1 xé }"(/3/;_Aiﬁ'{{j’:’(.:-.5._\._./,-%_)
|

. . / 9 ) ¢ 9
N l l T(4€%2 + €% — 222 + 2°) '
Gia = dx dz—— — — (2]
J=1 JO 27E(x + & — €)= (x — & + 1€)°




Probing quark OAM through 70 production in ep collisions

Cross section

do  (N2-1)202,a2f268A2

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

M?
X { [’]:1 1+ Gial® + | Fia+ Gral? —|—2 ’]:1 2 + G129 ] + cos(2)a [—|Fi1 + Gial* + | Fra+ g1,4\2}

+Asin(2¢) 2a Re [(i]:1,4 +iG1.4) (]:f,1 + gf,l)] }

|

q = 21—y

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

Cross section

do (N2—1)%2,a2f2¢63A2

em s

dtdQ2dxpdd  2NA(1 — £2)Q10(1 + ¢)

[1+(1—y)?]

+Asin(2¢) 2a Re [(iF1,4 + iG14) (Fi 1 +G11)] }

I Hadronic plane
, ¢

Distinguished experimental signature of

quark OAM W
e A

O = ¢, — oA, 0

Leptonic plane




Probing quark OAM through 70 production in ep collisions

Cross section

do

(N2 = 1)2a2, a2 f263A2

em s

[1+(1—y)?]

dtdQ%dzpdp

2N (1= &2)Q1(1 +¢)

M?
{ [’]:1 L+ G+ | Fra+ Gial? +2 ’-7'-1 2+ G1 2] ] + cos(2)a [—|Fi1 + Gial* + | Fra+ g1,4’2}

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

‘ Surprise!

(Similar to the gluon GTMD F », 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

dtdQ?drpde  2NA(1 — £2)Q0(1 + €)

[1+(1—y)?]

M?
{ [’]:1 L+ G+ | Fra+ Gral? +2 ’-7'—1 2 + G1,2] ] + cos(2d)a [—|Fi1 + Gii|* + | Fra+ g1,4\2}

‘ Surprise!

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

- Probe quark worm-gear function through an unpolarized target | Re [G1 2] ‘A:O = g1T




Probing quark OAM through 70 production in ep collisions

Cross section

do  (N2—1)%a2,a2f263 A%

em —s

dtdQ2drpde  2NA(1 — £2)Q10(1 + &) = [1+(1~y)’]

X

M?
{ [|-7:1,1 + G+ | Fia+Gial? +2-5|Fi.2 + G2 ] + cos(2¢)a |—|Fi1 + Gii1|> + | Fia+ Q1,4|2}

=

Helicity flip terms persist even when A ;| — 0
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Probing quark OAM through 70 production in ep collisions

Cross section

do (N2—1)%2,a2f2¢63A2

em s

dtdQ2dxpdd  2NA(1 — £2)Q10(1 + ¢)

[14+(1—-y)?]
M?
X { [’]:1 L+ G+ | Fra+ Gial? —|—2 ’]:1 2 + G129 ] + cos(2)a [—|Fi1 + Gial* + | Fra+ g1,4\2}

+Asin(2¢) 2a Re [(i]:1,4 +iG1.4) (]:f,1 + gil” }

Since both unpolarized and polarized cross sections contribute at twist-3,
the magnitudes of the asymmetries are not power-suppressed




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—|B])* —

1B
H(z,&,1) / dﬁ/ dad (B + €a — 1) X %w—o.gt[(

1+|8|

(1_ |f8|)3 A

a}q(ﬁ\)

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)

« Model for OAM:

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

L) = o [ Dg@) o [ 2

+ genuine twist-three

46




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 L4 (z, &)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 | ¢ (z) = 62(1 — z2)

49




Probing quark OAM through 70 production in ep collisions

Model input for numerical estimations

End-point singularity & discontinuity:

1
Fil4 = / dz b (2)(L+ 2 = ?)
0

Model-dependent method:

1—(p%)/Q?
/ dz
(p3)/Q%

S. V. Goloskokov and P. Kroll, 2005
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Probing quark OAM through 70 production in ep collisions

Model input for numerical estimations

End-point singularity & discontinuity:

Vgt [Pk k2 Fr (e, &, A0 k))
F1,4 :/ dr— — 5 —
1 M?*(x+ €& —ie)(x — &+ t€)

Model-dependent method:

1 1

@—E+i0? " (@ —(p2)/Q% i)

l. V. Anikin, O. V. Teryaev, 2003
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Probing quark OAM through 70 production in ep collisions

Numerical results

Kinematics:

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




Probing quark OAM through 70 production in ep collisions

Numerical results

Kinematics:

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

« We focus on large skewness (¢£) region to suppress gluon contribution
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Probing quark OAM through 70 production in ep collisions

Numerical results

Kinematics:

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

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

« We focus on large momentum transfer (¢) region to suppress —<> 2 >vvw
contribution from Primakoff process <




Probing quark OAM through 70 production in ep collisions

Accessing the gluon GTMD F; 4 in exclusive n° production

Remark: in ep collisions

Shohini Bhattacharya,! Duxin Zheng,? and Jian Zhou®

uAT _sin(2¢)Yemsfz(1 — y)€zpF (1) [ /‘l $x(2) )rlm [ /1 Fi (.6 A1) /M

- » d:
dtdQ2dz pdo 308N, I T E—i02(z — £ tie)?

The same azimuthal asymmetry, precisely mirroring what we observe in this study, emerges from the interference

between the Primakoff process and the contribution from the gluon GTMD .




Probing quark OAM through 70 production in ep collisions

Numerical results

25}

20

do(pb/GeV?)

15}

10

Unpolarized cross section

The unpolarized cross section exhibits a
notable magnitude at EicC energy

Relatively small at EIC energy

, \I Findings:
— EicC
EICx100
0.06 0.08 0.10 0.12
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Probing quark OAM through 70 production in ep collisions

Numerical results

<sin 2¢>

Asymmetry

0.6
. . dA9_¢in(2¢) dP.S.
0.5 sin(26)) = JAPS f;n( })
ol . 55 dP.S.
e
0.3% :
. Findings:

0.2F — EIGC !

EIC The asymmetries are substantial for both EIC
0.1 1 &EicC kinematics
0.0

0.06 0.08 0.10 0.12
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Summary

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

« Generalized TMDs/Wigner functions are the holy grail of spin physics
« Probe quark OAM via exclusive 7° production in ep collisions
« Circumvent challenges associated with double Drell-Yan process:

(py)

71 (g1, A1)

73(q2, A2)

N(pa; Aa) N'(p, X0)
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Summary

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

« Probe quark OAM via exclusive 7° production in ep collisions

« Circumvent challenges associated with double Drell-Yan process

0.6

0.5}

] - Longitudinal single-target spin asymmetry is not power
0.4} / suppressed

A
©
2 0.3/ | | | ) |
% oLl s « Asymmetry is substantial & thus exclusive " production
' EiC in ep collisions maybe a promising route to constrain
0.1} - quark OAM
0.0

0.06 0.08 0.10 0.12
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