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Generalized Transverse Momentum-dependent Distributions I][I

« GTMD matrix element — a graphical depiction :

2
/

Symmetric frame >
klAl 'k+;A
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average nucleon momentum momentum transfer to nucleon

« GTMD correlator — definition :

Quark
polarization r 1 dz=—d*Z, ik 2 - - 2 2 z
=3 [ S e <P N DT 500G)IpA >

zt=0

- Parameterization of correlator through GTMDs : | X9(z, &, k2, A2k, - A))

—

. k| :“average” transverse
2P transfer to nucleon momentum of quark

T : “average” longitudinal momentum pt—p'™ _ AT :longitudinal momentum

fraction of quark § = pTFp T
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Generalized Transverse Momentum-dependent Distributions I][I

o Twist-2 projections: T'=~" ~Fns 07T s

» Leading-twist chiral even case : (Meissner, Metz, Schlegel, 0906.5323)
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 General results :

I. 16 leading-twist GTMDs for quarks
ii. 16 leading-twist GTMDs for gluons (Lorce, Pasquini, 1307.4497)

lil. GTMDs are complex functions



Why are GTMDs interesting?



GTMDs as “Mother Functions”

GTMDs (z,k.,A)

A=0 /dQEL

PDFs (z)  FFs (A)

GTMDs contain new physics (beyond TMDs & GPDs)




GTMDs as “Mother Functions”

Wigner Distribution (z,%,,b,)

2-D Fourier Transform £E=0
(b)

GTMDs (z,k.,A)

PDFs (z)  FFs (A)

GTMDs contain new physics (beyond TMDs & GPDs)




GTMDs as “Mother Functions” '] [I

Wigner Distribution (z,%,,b,)

v

Going 5-dimensional!

2-D Fourier Transform £ =0 _ Transverse
(bJ‘) Transverse — 3 ]—: _L\ T
oI rPT Longitudinal
- "  momentum
GTMDs (SU, kJ_j A) Impact —— 3
parameter bL
ek — Longitudinal
_ 27
A=0 / &’k '\
N s - - Transverse
Ri=) aif, center of
. : momentum
TMDs (z, k] ) GPDs (z,4) e
A=0 / dx
Barbara Pasquini, talk at INT 2018

A . . ; .
PDFs () FFs (A) First numerical calculation of Wigner

distributions in a light-cone constituent

GTMDs contain new physics (beyond TMDs & GPDs) model (Lorce, Pasquini, 1106.0139)




Wigner distributions

T

Wigner distributions in NROM
(Wigner, 1932)

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

 Calculate from wave-functions :

x’ x!

dx’ .
Wiz, k) = / %ezkzm P(x+ 5)19*(:8 - 5)

[ Connection with probability densities &
observables :

« Position-space

probability : Y(x)|* = / dk W (z, k)

« Momentum-space

probability : [ (k)|* = /dw W (x, k)

« Expectation value of observables :

<O>:/dq:/dk O(x, k) W(z, k)

A Defined through F.T. of GTMD correlator :

N T
anEe W kL, AL)

Wil (o, BB = [

3 Application :
Orbital Angular Momentum (OAM)

e Other definitions for OAM available
(Ji & Jaffe-Manohar definitions)

* Most intuitive definition via Wigner functions

<Li>=

/da;ffzﬁ/d%@ x k1)

WEHJF] (3:: E_La Z—;L)

z

£=0




GTMDs & Parton orbital motion

GTMD & parton OAM  (Lorce, Pasquini, 2011/ Hatta, 2011)

Lz = /dx/dQEJ_/ngJ_(gJ_XE_L)

k2
p— /diﬁ/dz J‘RB F14(:c kJ_)‘

z

W[[:YJF] (35', EJ_‘) gJ_)

Gauge-invariant extension :

/ |

Ji, Xiong, Yuan, 2012/ Lorce, 2013

W
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o T —
b o com oo o -
e.g. DY e.g. SIDIS
Hatta, 2011

FSI

Jaffe-
Manohar’s
OAM

Same equation for gluons




GTMDs & Parton orbital motion II
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u-d quarks ]

My =317 MeV : First lattice calculation of Ly vs. Ly;

¢=0315 5 (Engelhardt, 1701.01536)
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GTMDs & Parton orbital motion II

(Ls/n) / ILIFOn(=0),

0.0_
u-d quarks ]

~05F | myp=317MeV : First lattice calculation of Ljy vs. Ly
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GTMDs related to strength of spin—o'rbit correlation
(Lorce, Pasquini, 2011 / Lorce, 2014)

a/9

Fi4 Lysg-S .
Recall Spin-Orbit 1,4 /g N Nucleon

- . ' \
coupling in H atom! a/9

r al ™ Quark & Gluon

C/"e o = G Lqsg - Sq/q




GTMDs & Parton orbital motion II

0.0_
I u-d quarks
g -05[ | mp=317MeV First lattice calculation of Ly vs. Ly;
S| Z=0315 (Engelhardt, 1701.01536)
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GTMDs related to strength of spin—o,rbit correlation
(Lorce, Pasquini, 2011 / Lorce, 2014)

a/g

F
Recall Spin-Orbit 1,4
coupling in H atom! g

Lq/g : SN—

\

— —

Lq/g ' SQ’/Q

— Nucleon

> Quark & Gluon

@ {ammmmm G1,1

GTMD & Sivers function
(talk by R. Bousarrie on Wednesday)

Im. F = — 1]
il

Probe Sivers function through
unpolarized target!




Observables for GTMDs



Exclusive Dijet Production in IN/1A collisions ||
Hatta, Xiao, Yuan, 1601.01585/ Altinoluk, Armesto, Beuf, Rezaeian, 1511.07452 L

Independent transverse

vectors
l I .
P, = §(k2¢ — k1)

« Parameterization of angular dependence of Wigner distribution :

Wz, k|, l_)l) ~ Woy(z, |El|, |l_)l|) + 2cos2 (o — ¢p) Wi (z, |E¢|, |5L|) «—— “Elliptic Wigner Distribution”

 Cross-section: do ~ dog + 2cos2 (pp, — ¢a, )do

\ Y ) <Cosine angular modulation >




Exclusive Dijet Production in Ultra-Peripheral pA/AA collisions I][I
Hagiwara, Hatta, Pasechnik, Tasevsky, Teryaev, 1706.01765

A
o,
o

¢ =) Jeot 1

¢ ommmd Jeot 2

« Cross-section: do ~ A® 4+ 2cos2(¢,, — ¢a, )AB

Independent

\ Y } transverse vectors
. - . L L

<_Cosine angular modulation 7= (@1 — @)

* “A” & “B” related to azimuthally symmetric & elliptic components of Wigner function A = —(q1L + ¢o1)
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Exclusive Dijet Production in IN collisions ‘][I
Hatta, Nakagawa, Xiao, Yuan, Zhao, 1612.02445/ Ji, Yuan, Zhao, 1612.02438 —

Access to gluon Orbital Angular Momentum at small / medium =z through longitudinal spin-asymmetry

- 2 2
Example: X F oy Jet 1 |
o
do = o

—~ i —2L

A
Lw-3 7

p p

Independent transverse

R Sil\’l(@ﬁ — fb?L)/ d*q, q7 O(z,q.) Zecmrs

Y [ P = §(E2L —k11)

Sinusoidal
angular modulation

— —

OAM “Odderon” Al = — (k11 + ko)




Exclusive Double Drell -Yan Process
SB, Metz, Zhou, 1702.04387

< Sensitivity to quark GTMDs_>

Process | 7(ps) N (Pas Aa) — (71715 13)N' (Pas Aa)

Leading-order diagrams

7I(QH /\‘l)

Y5 (g2, A2)

N Aa)

Graph (a) Graph (b)



Scattering Amplitude

Tain = ’L 6q€’€2_/d2 aL/dzlfMé(z)(— —kaL—kbL)q’gq(wb:E&)

Graph (b) ERBL region
¢, = (4 +43)
7i(q1, A1) " a 2Pa_|_
(g2, A2) Vs _&'a S 580, S é’a
N(pas Aa) N'(p;, A,)

Longitudinal parton momenta fixed as :

Longitudinal parton momenta fixed as :

B (¢ —qF) . (¢ —q3) Independent transverse
a Yo a 2P vectors
a4 q Agi = —(q11 + ¢21)
rp =L — — = — Ty — —
Py Py

pb— A(TJ_ — (q_’lj_ — JQJ_)




Polarization Observables I] [I

— - 1 5
Summing over photon Unpolarized U = 5 Z T
polarization (A4, A;) AA

1 2 2
l — SSA TLU = 52 (\T+,>~" — |T- x| ) TXU TYU:--

Interference between A

F & G 1

drops out! DSA TLL = 5((|T+,+|2 T -1?) = (1T 4P - |T_,_|2)) TXX  TYyve-

All of the GTMDs can be “disentangled” through suitable linear combination of Polarization Observables



Polarization Observables I] [I

— - 1 5
Summing over photon Unpolarized U = 5 Z T
polarization (A4, A;) AA
1
l — SSA TLU = 5 Z (\T+,>\"2 — |T—,)\"2) TXU TYU--

Interference between A

F & G 1

drops out! DSA TLL = 5((|71,+|2 T -1?) = (1T 4P - |T_,_|2)) TXX  TYyve-

* All of the GTMDs can be “disentangled” through suitable linear combination of Polarization Observables

» GenericGTMD: X = Re.(X) + iIm.(X) i.  “Direct Access” : Access | X |

i Access real/ imaginary parts : Re. (X) / Im.(X)

* Re.F1,1 & Re.G1 4 treated as "key’ candidates to get access to real and imaginary part of other GTMDs since

they are presumably large :  _-—-==""7777TTTT T T el e T

-
~-~~
~
~

~
-~ ~
-~ -~
-
. - -~
e e e ——————




Access through Interference I ] E I

-

4 1] 1 ) — ’ \\ o 7 * %
(Txy—’Tyx) = W(EEA(]LAQL)RB.{C( ){Fl,l','ﬁbqr}c(_‘_) [/Bi ka1 F1’4 Qﬁﬂ.}
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Do |
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@binaﬁon Is sensitive to strength of spin-orbit correlation
F-type GTMDs

L,uul * ok

=1 (,u €y

Switch on / off the effect you want
by exploiting tensor structures

v

G-type GTMDs

Convolution Integral

weight factor

- - e2 - - A - - - -
CE N w(kar, kp) X (I)ﬂ} = N Z quii./dgku /koM 5(2)( ;ﬂ. — ka1 — kbL)w(kala ko)
v - A2 A - (Bas A7) Auy

x [qu’(g;m Fut ) £ X9 (— ., —EQL)} B9z, k2 ) AL AGE = (AL - A7L)?




Exclusive Double Quarkonium Production in Hadronic Collisions
SB, Metz, Ojha, Tsal, Zhou, 1802.10550

Process| No(PasAa) + No(Po, Ao) = n1@(q1) + 1@ (q2) + Na(pls A,) + No(py, Ap)

Leading-order diagrams

Nb(pba )‘b) N[)(p;), )\;))

N, (pa,, /\(1.) N, (p:I ) )‘ﬁz)

Kinematics (TMD type)

s = (pa +pp)* =~ 2ptp, = large G =q;=m i L | << m,



Scattering Amplitude _ AGL = (Gi1 — G1) | ] [l l

| : : AGST
73\@)\;;)\;),)\3 - _ZA/dgkaL/debL 5(2)(% — ka1 —ku) —

X [Wfa,xa (TaykaL) Wfb,A;(xbv ko) + W3 (=, ~kqy1) Wfb,)\;)(—wb, —kp1)

Radial wavefunction of

1 at origin + ﬁ}fm)\; (Za,Kal) Wfb’)\,b (zp, k1) + Wfaj% (—2q, —kq1 ) Wi}’)\g(—wb, —lgu)]

N

94\&3(0) S Longitudinal parton momenta fixed

2 5
N.NZ—1)7md (1+ &)1+ &) _ (6 —a) p— B —%B)  _¢<p<¢ ERBL region
2P 2P,

A=

a

Gluon GTMDs

] 7 1 B 1k-z { z z z [z
WP A Fu) = o [ EETE e (NI FF () W=, 5 B (3 b




Polarization Observables

1

T = 5 S: |73\a,A;;Ab,Ag|2
/T AN

1 2 2

TLU = (|T+,A;;Ab,>\g| - |T—J\;%)\b=)\é| )
A

1

e ‘5 ((|T+,+;)\b:)\§3|2 - |T+,—;>\b,)\§)|2) - (|T_v+§)‘b’)‘@|2 a |T_’_;)‘b’)‘g|2))

We sum / average over polarizations of Nucleon "b’

(




Accessing Fi4 (AL # 0,4, =0) Assumed hierarchy of magnitude of

GTMDs

Fis > G > others

1
Z(TUU +TLL —TXX — ’TYY)
1 17 i ] 2 s " "3 7 A — * — * —
~ 3 (e7Ag AL )) C[[ﬂ kot Fra(Tay ki) Fia(a, ku)] C[[ﬂ - Pad FY 4(Tas Pa) F1,1($b:pr):|

+ C{G1,4(£Ea,, ko 1) Gra(ws, EbL)} C[GTA(%,@LL) Giﬂ%;ﬁu)}

Convolution integral AqL

7 _ 2A 27 27 (2) 7 7
C{w(ku,m)xy} _ \/l_gg\/l_ggfdk‘ﬂ/dkué = — Far — Fou

X ’LU(EGJ_, Ebj_) X(xa, EG,J_) Y($b, EbJ_)

A 2 S R AP AN N . -
Weight factor | = Al AqL —(Aar ~AGL) Aar Aar X (AqL X Aql)

A2 AGE— (Bas - AGL) (7 Aqi A7)




Accessing Gy1 (A, #0,A,, =0) Assumed hierarchy of magnitude of
GTMDs

_ Fy 1 > G4 > others

1
Z(TUU +TLL +TxXX ‘|"TYY)
JTAT KA i . . pE } ) )
~ LMGL LMG’L C [ﬁGl,l ($a, ka_]_) G1,4($ba ka_)] C {ﬁGl’l(acaa pa_l_) G1’4(33b,pbj_)

———————————————————————————————————————————————————
---------
————————
-~
-~
-~

-
———————

‘ 2

Takes over |G1,1| contribution. Hence, G, cannot probably be accessed directly.




Access through Interference (A, #0,A,, =0 )

Assumed hierarchy of magnitude of
GTMDs

1
5(TUL +7Lv) Fy 1 > G4 > others
~ 2Im { ~ (7 Aq AL )) C[ﬁl kot Fra(®as ki) Fl,l(-’ﬁbaEbL)} C{F{il(%,ﬁaﬂF{k,l(xbaﬁu)}
————————— I _--__%_'----;--_---__-_ ol 7. 4 " * -------:»-------*---_---_:»--- S~
:\_t- 72 (7 Aq A)) O{[ﬁ ka1t G1,1(Tas ka1 ) G a(zp, ka_)} C|:G1,4($aapaj_) G1,4($b,pbi)1}/>
L LT B} o
~  2|Im. { e (e7Ag' A ) C[BL ka1 F1,4(%ayka1) F11(xs, kbL)} C{Fm(%,paﬂ F1,1(35bapr)} }
overwhelmed by three
e Ga s Im. Gia powers of Fy ;
1(TXY — Ty x)
2
1 1] 7 ] o 7 4 " * — * —
~ 2|Re. { e (7 Aq' AL )) C[BJ_ kot F1,4(xa,kal) Fl,l(mb:ka_)} C[Fl,l(%;pu) Fl,l(ﬂfb;pu)} }

This linear combination is sensitive to gluon Orbital Angular Momentum




Single-exclusive N N scattering
Boussarie, Hatta, Xiao, Yuan, 1807.08697

« Example : Result for X1 x1 production

2

T T T

Gluon dPDF  Unpol. gluon GTMD  Linearly pol. gluon GTMD

do ~ F(L’Cl,a}g)(Gl(KJ_,AJ_) -+ 2]\2" G2(KJ_,AJ_)>



Summary

I. GTMDs have attracted considerable interest
* “Mother distribution” character
« Link to Wigner function
* Direct link to parton OAM & spin-orbit correlations

Il. GTMDs can be accessed in “exclusive” processes

* Gluon GTMDs : Dijet production in UPCs might be most promising

e Quark GTMDs : Double DY has low count rate. Can we do better?

ili. Time to go 5-dimensional!






GTMDs (z,k.,A)
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