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Outline

» Physics goals
quarks and gluons imaging, origin of mass, spin, nuclear structure

» Theory
Energy Momentum Tensor (EMT) and Generalized Parton Distributions (GPDs): probing
the mechanical properties of the proton

» Method
Femtography. Fourier transforms, merging information from lattice, models/
parametrizations

» Disentangling quark and gluon OAM
twist-3 GPDs, k; dependence (GTMDs) from lattice

» A concerted effort
Center for Nuclear Femtography
* organizing a variety of approaches /setting benchmarks
« extraction from experiments at EIC = beyond standard analyses/
computational methods/phen. approaches

» Conclusions and Outlook



1. PHYSICS GOALS




GPDs and Deeply Virtual Exclusive Experiments

A new paradigm that will allow us to both
penetrate and visualize the deep structure of

visible matter ... to answer questions that we
couldn’t even afford asking before




what is the origin of mass and spin?

dark matter

dark energy

visible matter



... a hew way of thinking strongly interacting systems

... a link to phenomenology that allows us to measure what
could only be conceivably explored through

“thought” experiments in Lattice QCD
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what is the spatial structure of hadrons?

p n

b, Lfm] by [fm]

br
-15 -1 -0 . . b, [fm]
ST -15 -1 -65 0 05 I 15 «

NA Press, 2013

M. Burkardt

Ph. Haegler, M. Dienhl
C.Carlson,
M.Vanderheaghen

spin
momentum



GPDs connect to complex phase space distributions (Wigner)
L W(X,p)

...10 observe, evaluate and interpret Wigner distributions
requires stepping up data analyses from the standard
methods = developing new numerical/analytic/quantum
computing methods




2. THEORY: EMT AND GPDS
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How does the proton get its mass and spin?

o (5 Ho_ B
Locp = (ZVMD m) mechanism is very far in value from

the characteristic scale of strongl|
interacting matter

Invariance of L,-p under translations and rotations

Energy Momentum Tensor

1
= ,LWFQ
2" }

from translation inv. ki) THop = EV(”DVW + 1 {FWFQ -

Angular Momentum Tensor

- . . ,LLI/)\ )\
from rotation inv. 1w, Muop = TQCD 2" THep
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QCD Energy Momentum Tensor and Angular Momentum

Energy density S=EXB _ Conserved quantities

Momentum

pr— [dxTon

Angular Momentum

MM = / d’x MO

Momentum density

- = / d>x [xhT — 2/ T°V]

Shear s\(

Angular Momentum density

M** =x"TH — x*T*

Pressure
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EMT matrix elements

1=(p-p) =4’
=0 @

(' | T | p) = 2[A(t)P* + C(t)(A%g" — AM)] + C(t)g"”

S=1/2 ‘
ot AY)

(', A | TH | p, A) = AT P, AP + 4" PHU(p, A) + B(L)U (p', N')i 77
+C(1)[A%g" — AMU (p', ) UAD, A) + C*(;ggwmp', AU (p, A)

\

U(p, A)

g and g not separately conserved
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Energy Momentum Tensor in a spin 1 system

\

Angular momentum sum rule for spin one hadronic systems

Swadhin K. Taneja,'** Kunal Kathuria,? T Simonetta Liuti,>"* and Gary R. Goldstein® §

PRD86(2012)

1 1 (eP) (" P)

S=1 ', N|TH |p, A) = —§P“P'/(€'*€)gl(t) — PP 0 (1)
_% [AFAY — g" A?] (€*€)G3(t) — i [ARAY — gt A?] (€P3\(462*P) Ga(1)
(@) + @ PY P o 1] G

—l—i [("H(eP) — €'(€™ P)) AY + pu <> v + 29, (eP) (" P) — ("¢ + V') A?] Gy (1)

1
5 [+ e Ga () + g (¢ 7€) MG (1)
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QCD Energy Momentum Tensor relations (spin %2)

Momentum

<p'Ud3x T ‘p>= pi<p"p> = Aq’gpijd?’pro ‘ AT+ A9 =1

4,9

Angular Momentum

(| eolo1 -5 12) () 94+ BY o p" (A" +B) =

2

ang
Z

Stress Tensor
(Donoghue et al., PLB 2001, Polyakov Shuvaev (2002) 0207153)

() d3 ST
T;; (7) M/ T AA; — A%6;;) O(t)
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GPDs and the Energy Momentum Tensor

Jaffe Manohar
(1990) and Ji
(1997) both saw
that there was an
off-forward part in
the matrix element

forward and
noticed that for
the quark and

momentum as

Ji went one step

gluon operators
defining angular

The observables
for the off-forward
correlation function
are the GPDs

(P — A, A | q(0)y"™W(0, 2)q(27) | P, A)zr—o

MOMENTS

The EMT off-forward matrix elements
coincide with the ones for a specific
correlation function at z- =0

2 ¢T0'127:D-|—¢T {a—;lx (_7;[)’)r¢_|_ {fx

(E X B)

quarl'< field

gluon field
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DVCS

ep%eVylpl

e’ -(k-k’)2=Q2 large scale




Deeply virtual photon/meson production

///%W

oop directly in LO amplitude

(1) 21 —— =PV 12 __inS((k+q)’ —m*) BothReandIm
(k+q) —m” +i¢€ (k+q) —m parts are present

(2) Quark momenta and spins on LHS can be different from the RHS
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Physical meaning from helicity structure

GPD Form F. TMD

\‘) F1 f1

A
o -
Q»!

F2 f1!-l'

0
© - 9,
o, 2

Op 41




GTMDs [Flz (xvfaAi 9k?’kT 'AT) =F," + lFlgdd]
doubly

exclusive
-1 05 0 05 1
b, (fm)
GPDs
exclusive

TMDs | 1
(semi) inclusive
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Local operators: OPE&Mellin Moments (X. Ji, 1998)

Ry, -y (P'|O) = |P) = U(P') fU(PYHyn(§, 1)+ U(P")

o"*n,iA,

U(P)Eg(§,1)

Mellin Moments

o1
n—2 _
_1dxx H, (x,6.t)=H,

*1
n—2 _
Hldxx E (x,5.0)=E,

helicity conserving helicity flip
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2nd Mellin moments

From OPE 4@ From EMT

Nucleon

/dazazH(x, £,1) = Ago(t) + E2Co0(t) = A(t) + £2C(t) «——— D-term

B(t) — £C(t)

/da::z:E(x,g,t) = Bao(t) — £2Ca0(1) :

GPDs are the key to interpret the mechanical properties of the
proton
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Deuteron

- From OPE “ From EMT

2 / drx[Hy(z, €, 1) — %Hg,(x,f, t)]= Gi(t) +£°Gs(t)  Momentu

gular Momentum

2/ drxHs(x,&,t) = G5(1)
—< Double flip

D-term 2/ deaHs(z,€,t) = Ga(t) +g2g4(t)‘ Quadrupole
dependent on

polarization

—4/d33:cH4(:c,§,t) = £Gg(1) T-odd

t
32

/dxng,(a:,f,t) = Ge(t) + %g7(t) Connected to b, SR

Connecting with observables: work in progress with W. Cosyn and A. Freese
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Let’'s summarize what we know so far...
mETMC,' PRDQ? (201 5')

AgptByg

Au_d 0.30}
20 0.25} } éi? ix : ?}ﬁ .

t : .
= 0.20¢ )
B o1s experiment

0.10FC Ny=2 TMF: a=0.089, 0.07, 0.056 fm [ N¢=2+1 DWF: a=0.114 fm
. Ny=2+1+1, TMF: a=0.082,0.064 fm 8 Ny=2+1 MILC/DWF: a=0.124 fm
0.05L2 Nr=2 TMF/clover: a=0.093 fm & N;=2 clover: a=0.075 fm
& Nr=2+1 clover: a=0.116 fm ¥ experiment
o] N.=zt:|nm aso.orrfm
o.oo 1 1 1
0.00 0.05 0. 10 0.15 0.20 0.25
m2 [GeV21]
Jlab Hall A, Mazouz et al. PRL (2007) C. Alexandrou et al., PRL119(2017)
o 1 T T T T T T
- IN

Proton spin

JLab Hall A
n-DVCS

02 0.4+ =
Y SOOI )
' et BB venched) ) 0.3} ‘ C |
0.2} OLattice QCOSF (unquenched) (41] : X 3 J
CILHPC Lattice (connected tsfms) 142) 7 @ 7 7 — g
RS : 0.2+ ?8 ? ? -
o EREH R 7 & .73 Z
' 01t 7 3 27 '
08 HERMES Preli % &I f
1 1 1 1 E p.olvcs 1 4 : 5 /
08 06 04 02 o0 02 04 1 0 l.l d S u+d+ota1

consistent with xQCD Coll., Deka et al. PRD(2015)
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Cao

Ph. Haegler, JoP: 295 (2011) 012009

o8 | U'd | 'mx=29'3 MeV, 20° o.et u+d m,=293 MeV, 20° |
. ] [ '
0.4 * * 0.4 '[' Agad* . ., i{' - ;i
0.2¢ . % i' n L “ ti* i - 02 d n
. Bz $
0.0 i —_—t - 2 _Jop B + i H :
\ Bg{,dl : + J I }! I X ¢ “ éf {

-0.2} A’ 1-0.2} [ us

CE:;G P o *

_0'%.0 0.2 0.4 0.6 0.8 1.0 1.2 _0"6.0 0.2 0.4 0.6 0.8 1.0 1.2

~t{GeV?| ~t{GeV?
= : ‘ 1 T T T T T T T
T da(t) = da(1-yM2)ye
-0.87
_17 /+/
B = model
2L K lattice — -
B N experiment — — _|
14
-1.6?/ - -
2
'1'8%// ' ! | ! !
i i 2 25 3 35 4
0.1 0.15 0.2 0.25 0.3 S )
H(GeV?) t (GeV?)

Jlab Hall B, Burkert Elouadrhiri, Girod, Nature (2018)
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Deuteron

Ratio of Gluons/Quarks

W. Detmold, D.Pefkou, P. Shanahan, PRD95(2017)

BIP (A?)/BIS (A?) (bare)

1.5

1.0}

|||||||||||||||||||||||||

0.5E

0.0

S

|||||||||||||||||||||||||

experimentally... an open field...

8(2) 8(2) 8(2)
Bs® Bs® Bt

q(2)° pq(2)’ pq(2)
B!®’ BI®’ B



Neutron stars :"’"'“E"

Comparing the QCD EMT with the Equation of State of neutron’
stars, after event GW178017 (see W. Van de Brandt’s talk)

C(t)

Pressure (dyn/cm2)

1.2x10%7
1x10%7
8x10%6
6x1036
4x1036

2x1036

0

Equation of state

|
GPD model
AP4 ——— ¢

1x1019

2x101®  3x10'®  4x10'®  s5x101° A(t)

Energy density (g/cm3)

SL, A. Rajan, K. Yagqi, in preparation



3. FEMTOGRAPHY
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To understand mass and spin we need to describe and measure the

joint space and momentum distributions of quarks and gluons inside
the nucleon

mass /Color charge flux tube \

q action density, groundstate cited state
N A g

jction density,

1 @

Figure 3: Action density distribution for the ground state and the first excitation.

G. Bali et al., PoS LAT2005 (2006)

\F. Bissey, et al. PRD76 (2007) /

“light (quark) pair creation seems to occur non-
localized and instantaneously.”




Spin

/ Gluons
v Are gluons concentrated in

the interior of the proton

v’ ... or are they occupying
the whole volume beyond the
quark radius

v" Do they cluster around the quarks

v ...or do they form their own “hot
spots”

u quark density distribution
In transv. polarized proton




Images of Atoms

» Transmission Electron Microscope: by scattering electrons
-- with a much smaller wavelength --allows us to
reconstruct pictures of microscopic particles

. Contred veltages for peiatus
1.
23
s
£
iz Natance comtiol
i oo et ey ard
‘ D
Ty =

» Scanning Probe Microscope: we monitor the tunneling —

current between the probe and the surface of a sample, &
as the tip scans the surface

» We can now image the structure of matter in 3D at the atomic level

(1 A=10"© m= 0.1 nm)

Hexagonal-MoSi2 nanocrystallites

4.6nm

F R Q':..Ja
courtesy Petra Reinke et al. (Material Science Dept. UVa , Nanoletters (2017)
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Facing the next challenge....images at the femtoscale

five orders of magnitude below




Key Theory Development: Key Experimental Probe:
Wigner/phase space distributions at Deeply virtual exclusive scattering
the femtoscale experiments
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The Proton Relativistic Wave Function: Poincaré Invariance

o +
pr=2L’ Center of P*
A
. b ~ 1 L
N RT:FZ(%P*)%
pt i

» P*plays the role of mass

» “The subgroup of the Poincaré group that leaves the surface z*=const
invariant, is isomorphic to the Galilean group in 2D”

» We can disentangle the transverse components from the longitudinal
components in boosts
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Implication

We can map out faithfully the spatial quark distributions in the transverse plane
(no modeling/approximation)

1.5
o(b)[fm2] 1
0.5

q(x,b) =

dn

dxd’b

proton

0
005 115 2

b[(fm]

T ——

|
OO0 O

o(b) [fm2)

PLwN=o=

: / neutron

0 05

1m 1.5 2
G. Miller(2007)

Soper (1977), Burkardt (2001)
Already a surprise: re-evaluation of nucleon charge distribution

what soes regetive - Neutron “textbook” density

2
,.

- integral is wgh‘rdwTh 2—)m

= r ,0(7)d3 J -

hgd sity must have both -v

472 X (charge density)

net charge = 0

gT hgflgd
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v

|offe time

Two distinct distance scales

Z+

q(x,b) =

dn
dxd*b




9/14/18

GPDs involve two types of distance

dz~
H(2,0,8) = [ €= (P— AN | g0)7* (=) | P, Aasco

x distribution . Fourier transform of non-diagonal density distribution in z-

A distribution ’ Fourier transform of diagonal density distribution in b

t=0.1 GeV* Q?=4 GeV?

2} (0,0)g+(7,6) = p(0, 5527, b) iy

loffe time reconstruction R 7

A. Rajan, SL (LC Meeting, 2018)




In summary...imaging nucleons at the femtoscale

. . : A. Mutschler et al., Nature (2017
» Knowing the longitudinal (LC) momentum (2017

dependence allows us to separate out the o
transverse plane where Poincare invariance £ 005 ‘
applies : . s d

0
a)z(m) 5 5 yim) b)z(m) 5 -5 yim)
368

> We can then scan the transverse plane by ~ ‘ =
measuring the scattered photon and proton with < = ‘
momentum transfer A N A
» Impact on nucleon and nuclear density
distributions

» Impact on equation of state of neutron stars as
we explore the core of the neutron with new GW
data




3. OAM AND OTHER
GENERALIZED WANDZURA
WILCZEK RELATIONS
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Definition: Wigner Distributions

by Hatta Burkardt
L((; — /daj‘/d2kT/d2b (b x k), Wu(x,kT,b) Lorce, Pasquini,
A Xiong, Yuan
Mukherjee,
Courtoy,
Engelhardt, Rajan
SL
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Possible Observable for Lq

kr moment of a GTMD i
(Lorce and Pasquini)

Is there any observable that we can identify OAM with?
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Q-0

A. Rajan, A. Courtoy, M. Engelhardt, S.L., PRD (2016) arXiv:1601.06117
A. Rajan, M. Engelhardt, S.L., PRD (2018) arXiv:1709.05770

A New Relation

1 1 D
M/koT k%FM(anvk%?O?O) — __/ dy [EQT+H+E}
\

| T

Y twist-3 GPD
OAM: twist 2 GTMD

Generalized Lorentz Invariance Relation (LIR)

*Different notation! G2 — EZT +H+E
Polyakov et al. Meissner, Metz and Schlegel, JHEP(2009)
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Simonetta Liuti

: 1
Quarksector:  ; _ 1 4 AT,

0.8

0.6

0.4

0.2

-0.2

-0.4

-0.6

-0.8

A. Rajan et al, PRD (2016) arXiv:1601.06117
A. Rajan et al, arXiv:1709.05770

Mazouz et al.
PRL (2007)

I I @ I I I
W Ax /2 =0633(12)
! Q
T | GPD model
i
;5555?§;§§
= f*';,f‘:‘{.n” - =
i Lattice: GPD moments
DVCS data
d> data Lattice+ Rajan &S.L. =
relation L
g
| | | l | | ~
-0.8 -06 -04 -0.2 0 0.2 0.4 £
~
Lu—d
THEORY

|
—_
n

-20"

|
—_
o {

|
IN3INIE3dX3

M. Engelhardt
PRD, arXiv:1701.01536

u—d quarks
m,; =518 MeV
7=0.39

s HH»HH‘" Ceessanitt|

—oco -10 -5 0 5 10

n|v| (lattice units)
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1
Angular Momentum Sum Rule Jy = L4 + §Azq

A. Rajan et al, arXiv:1709.05770
quark density in a longitudinally polarized

‘-> -4-‘
proton

1 [ 7 1 * 1
- d H dy ~ 1 d
2T:_/ Y(H+E)+ ——/ Y| [—MF14— —‘gMFM]
X y \ X X \.CU y

Beam Target Spin Correlation: unpolarized

ew! From DVCS VCS (Ji,'97) Polarized ep
g4(X)
Color force/gauge link

" N AW \
L — J -S + 0
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Other correlations: quark and gluon spin-orbit
A. Rajan et al, arXiv:1709.05770, PRD

Beam Target Spin Correlation: longitudinally
= polarized quark density in an unpolarized

proton

chiral odd magnetic moment Chiral symmetry breaking test!

1 \\
~ m
§/dxxH—|——2_nq Ko =

J-S) —J,.-S,
\ J
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Interpretation of gauge link
My (V)

| N 1 1 _ -
/ dx / Plr M2 = ielguT 2P+ / ds (p', N[ (0)yTU(0, sv)E 7 (sv)U(sv,0)¢(0)|p, A)
0

7 — 1 ! / /7. 7
[ [ @ M =~ p [ ds (N RO, 50 (s0)U (50,0000,
0

: Force acting on quark
Non zero only for staple link Joend

M;(v-=0)

[dea [ e M = L O FH OB 0. A)

[dza | Phr Migh = J e W N[00y FH 0)0(0)p. )
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A more profound understanding of quark-gluon-quark correlations

Z',.ZT 02
0.0 .~ / LV
Two types ! =,0

« Difference between JM and Ji (LIR violating term)

. 1
LJM(x) _le(x) = MF. — MFMlvzo = _/ dy 2r,,(y).

« Genuine twist 3 term (Generalized Qiu Sterman)

k2 k2
/koT ﬁg /M — | dkp ﬁﬂ; Fl! = Tp(x,z,A)

An experimental measurement of twist 3 GPDs is sensitive to

OAM but it cannot disentangle the difference between JM and Ji
decompositions
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Relations between gauge links derivatives

oM = iPHMT

d | i A(n=2 . i S(n=3

d’U—_MAA/( ) = —Z(2P+)MA ( )
v— =0
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Proton transverse spin configuration

n=2

Slope of Sivers function in staple length

0.6
Sivers=Shift, u-d - quarks
~ \
%z o4f \
&) h Fiee \
Iév 0.z & "o)\
= - R
= 00 -
= Z=041, e .
e 0ZF | byl =034 fm, \ "uﬁﬂ_.;
g _04tb DWF \\ h
\
PP A ST SIDIS —f
-0 =10 -5 0 5 10
niv| (lattice units)

-0.02
-0.03

-0.04%

n=3

Genuine twist three d,

“old” lattice result %

TTTTTTTTTTmTTTTTTmTTemT "";(""""""""' S Bt ;'E:’P)'(" aanannanan
...... o4
Lattice QCD O E01-012 (Resonance + DIS)
Sum Rules A E155x
Chiral Soliton ¢ E99-117 + E155x (Combined)
Bag Models .
RSS (Resonance) ¢ This Work (CN)
Elastic Contribution (CN) 4 This Work (with low-x, CN)

3 4 5 6
Q* [GeV’]

Work in progress: W. Armstrong, F. Aslan, M. Burkardt, M. Engelhardt, SL



EIC = Adding gluons: Present data consistent with L;<0

Gluons 0.8

P

1/2 - (AG +

DO | —

1
—(AG+J§My:Lﬁ”+§AEq

0.6
04 B
0.2

o DN
0.2 -

obe!
etetereleteteleelelele
Peteletete e %e 2020 % 0%
ROREAREREERRELL
-

—
JAY
)

=

SRS
04 sl 05

=3
'()-Es ll 00

R R R R R R X K XK XKD
2RI ARIKIHRRIRKRKS
oo te e e e tete e tete e tete e tete e e %%
00000000 2020 %0 20 %0 20 220 2020 20 20 %0 20 e 20 2 %0 %
ERERREERERERLREEREREERERERIEREERS

Using the “estimated”
measured value of AG

M. Engelhardt,
PRD, arXiv:1701.01536

Phpadidag, !;HH"H"H% o
- |m,=518Mev """ = dquarks
i P e jsoscalar
- 1 {=039 + 2u quarks

A ===—========

08 . 1
-08 -06 -04 -02 0 0.2 0«4=

Lu+d -1.0

Ly} 1LY

g

3

Higsgiasiersrsnsiattiitt

*®

iifffféf*”””*******ff ;

—00

-10 -5 0 5 10 o0
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4. ANEW EFFORT
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Multi-process, multi-variable analysis

v Deeply Virtual Compton Scattering \0,)
\%,

v Deeply Virtual Meson Production

Q//;j,
v Timelike Compton Scattering |

v Double DVCS

v DVCS, TCS with Recoil Polarization
v' Exclusive DY

(BTW...NEED EIC TO CARRY OUT THIS PROGRAM)
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All the channels

~_ ~_

DVCS TCS DDVCS

o

J

p

p

Exclusive pion induced DY (EDY), T. Sawada et al., PRD93 (2016)
accessible at LHC SPIN = P. Di Nezza’s talk
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d°cpvcs
dxp;dQ?d|t|dpdds

o’

twist two GPDs

2
16m2(s — M2)QW‘TDVCS|

twist three GPDs

| ﬁq_}lf’vw eFyu,L + €cos20F7; COS%\

’ e(e+1) [cosqz COS sm ¢X

_ \/m ) sin q[Fsm ¢]

SL [x—l— (e + 1) sing\Fy;; |+esm2¢F(SjE2¢
)\e \/iﬁleLL -}2 )\ /ﬁcosq@b

-

++/2¢(1 + €) (sm(b |F[SJ1§,as }sm 26 — ¢g) ,S,lf;(%l ¢S))

T )\e |S|_ [mwsw Ps [COS(¢ ¢SJ+ 2¢(1 — €) cos ¢g C°S¢

Sy [sin(o - o) (FFRG " e eris )
esm(¢—|—¢ [ Sln(¢+¢S)J—|—ESIH(3q5 ¢ ) Sln(3¢ gbs)

++/2¢(1 — €) cos(2¢ — ¢g [COS(M) ¢S)J

y
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GPD Content t<<Q? &<1
(with Brandon Kriesten et al., in preparation)
twist 2 " z
_ 2 2 712 2 7
Fyur =4[(1-¢) (1M 2+ H[?) + e (|5| = Re (HE+ HE) |

2

JQLZQPa—f%\%ﬁU+4§§_;yS = 3%(H§+ﬁ§”

I spin-orbit

: A
twist 3 { ( twist 2
52
1= 52

27

Fi?=-2(1-&)R 2H2T + Ear + 2Hyp + 52T

e
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Because we are able to describe it as a GPD,
OAM can be disentangled from data

&

A. Rajan et al, PRD (2016) arXiv:1601.06117
A. Rajan et al, arXiv:1709.05770



How do we detect all this”?
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New Analysis Groups

PARTONS: A GPDs dedicated Software

B. Berthou et al., Eur.Phys.J. C78 (2018) no.6, 478

@ DVCS chain is done and

Experimental 0 o o
data and L>) LIL) % working
phenomenology = a @ Including LO evolution and
B B B NLO CFF
. wn ) o @ TCS code exists at NLO
Computation g Ik—) E but needs to be
i @)
of amplitudes ‘ . a implemented in PARTONS

First

(GPD a;:c mé i

principles and

Evolution

fundamental
parameters

@ DVMP requires more work

due to meson PDAs

[ GPDat et |

@ Code and documentation
available at:

http://partons.cea.fr

Cédric Mezrag (INFN) PARTONS

o = =

July 31th, 2018

=

PARTENS

DA

2/0

d*s [10°nb/GeV*]

8

/UVa group

L. Calero Diaz, D. Keirér

E(GeV) = 5.7572
Q*(GeV?) = 1.933

Xg = 0.388
t=-0.232

— Total
— DVCS+Int.-Twist2
~— Bethe-Heitler

[|III|I|II|II|IIIII|IHT llllll”llll”lllIIIIIlllllIll]Illllllll””I”IlIlllll

~

Wariety of approaches (not just one scheme) to make progrﬁ
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Need to handle unprecedentedly
large and varied volumes of data
from different sources

The analyses requirements call
for an evolution of the standard
physics methodologies.

Infusion of Data Science methods
into the physics analysis workflow
provides that evolution.

No centralized hub!

White paper with benchmarks is
needed!



9/14/18

Things that | did not mention
Mass Decomposition (Z. Meziani)
Chiral Odd Sector (see recent work by W. Cosyn and B.Pire)

Chiral Odd and BSM searches (S. Baessler, A.Courtoy,
O.Elgadawy, SL, and EIC BSM Effort: Y. Furletova)

Nuclei Jlab ALERT experiment (R. Dupre, W. Armstrong, M.
Hattawy, SL...)
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Back UP



9/14/18

Correlation function

P X' X P = p'A

Unintegrated: GTMDs
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Correlation function

%'F
| [/
) 1
L \
(1—2)P* P

Integrated over k; (gauge link becomes trivial) = GPDs

Parametrization of matrix element
Meissner, Metz, Schlegel, JHEP (2009)

Leading twist, chiral even

F = L gy [y e + TR p e | U, )
VeCtOr AN T 2P_|_ Db, Y L,q, IM L,q, D,

: sl 1 & N+ T Vs AT
axial-vector  Fiy ™ = 553 Ulp, A) [v v H (2, & 1) + =B, & 1) | Ulp, A)
([
([
[ ]



