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Physics Investigations

% Form Factors and Generalized Form Factors

% Parton Distribution Functions (PDFs)

% Parton Distribution Amplitudes (DA)

% Generalized Parton Distributions (GPDs)

% Transverse-Momentum Dependent PDFs (TMD PDFs)

% Hadronic Tensor
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Physics Investigations

. * Mellin moments (local OPE expansion
% Form Factors and Generalized Form Factors ( P )

~ o — 1 — O'Ha (_)a
A(~32)7W[-32324(32) = Y = 2m1 - 2a, 077D ... D"q|

% Parton Distribution Functions (PDFs) ! l

local operators

% Parton Distribution Amplitudes (DA)

% Non-local operators, boosted states
% Generalized Parton Distributions (GPDs)

(N(P) | () T W (,00%(0) [ N(P)),

% Transverse-Momentum Dependent PDFs (TMD PDFs) l
Wilson line
% Hadronic Tensor % 4pt-functions, auxiliary fields, ...
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Motivation - Impact

% Complement the JLab 12 GeV, EIC, and LHC and program

Physics investigations align with the experimental scientific program

% Provide constraints in global analysis
PDFs: input in kinematic regions that lack data

GPDS: guide Q”*2 parameterizations
TMD PDFs: provide Collins-Sopper Kernel to disentangle from TMDs

% Input on mesonic structure
t-dependence of pion and kaon structure

% Gluonic structure from first principles

complements picture for hadrons
Understand the mass decomposition with various sum rules
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2022-2023 Type A Proposals

All continuation proposals

Pl

Institution Project Title

Constantinou

Engelhardt

Gao

Jay

Lin

Richards

Wagman

Temple

NMSU

ANL

MIT

MSU

JLab

FNAL

Twist-3 GPDs from Lattice QCD

Nucleon Quark-Gluon Structure with Clover-Wilson Fermions

Computing the large-$Q/2$ Kaon Form Factors with Physical Quark Masses

A Lattice Calculation of the Hadron Tensor of the Pion

Constraining the Bjorken-x Dependence of the Strange Distribution of the Proton Using Lattice Inputs

Parton Distribution Functions and Amplitudes of the PseudoscalarMesons and the Nucleon from Lattice QCD

Computing the Collins-Soper Kernel for TMD Evolution at the Physical Quark Masses
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2022-2023 Type A Proposals

All continuation proposals

Pl Institution Project Title

Constantinou Temple Twist-3 GPDs from Lattice QCD

Engelhardt NMSU Nucleon Quark-Gluon Structure with Clover-Wilson Fermions

9 s

Gao  ANL  Computing the large-$Q/2$ Kaon Form Factors with Physical Quark Masses

;Jay MIT A Lattice Calculation of the Hadron Tensor of the Pion
in  MSU  Constraining the Bjorken-x Dependence of the Strange Distribution of the Proton Using Lattice Inputs
Richards JLab Parton Distribution Functions and Amplitudes of the PseudoscalarMesons and the Nucleon from Lattice QCD
Wagman FNAL Computing the Collins-Soper Kernel for TMD Evolution at the Physical Quark Masses

Dedicated talks in this session
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Pion and kaon structure PI: X. Gao
Progress with current allocation Junior Investigator

% DA of the pion and its Mellin moments Talk @ 3:25 pm
within leading-twist framework

(HISQ, m_ = 140 MeV, a = 0.076 fm)
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% Extract the perturbative leading-twist for
pion electric and gravitational FFs at large Q2
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within leading-twist framework
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2023-2024: kaon form factors
(HISQ confs with HYP-smeared clover fermions,

m_= 140MeV, a = 0.076 tm)
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% Breit frame with boost up to ~1.5 GeV

% multiple Tsink up to ~1fm
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2023-2024: kaon form factors
(HISQ confs with HYP-smeared clover fermions,
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S N % Breit frame with boost up to ~1.5 GeV
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% Pion FF up to 9.3 GeV?2

"o 25 50 7132 [1%'-2\/21]2'-5 150 175 20 % Data from different methods in agreement
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Nucleon Quark-Gluon structure
% Vector, Axial FFs at high-Q2 , TMDs, connections with quark OAM

% Nf=2+1 dynamical Wilson-clover fermions, domain wall fermions (role of chiral symmetry)

Pl: M. Engelhardt
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Nucleon Quark-Gluon structure
% Vector, Axial FFs at high-Q2 , TMDs, connections with quark OAM

* Nf=2+1 dynamical Wilson-clover fermions, domain wall fermions (role of chiral symmetry)
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Tension with JLab12 GeV data — excited states investigation
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Nucleon Quark-Gluon structure
% Vector, Axial FFs at high-Q2 , TMDs, connections with quark OAM

Pl: M. Engelhardt

% Nf=2+1 dynamical Wilson-clover fermions, domain wall fermions (role of chiral symmetry)
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Tension with JLab12 GeV data — excited states investigation

% u, d flavor decomposition of nucleon form factors

1.5

Inclusion of disconnected
will be considered
(near physical point)

* 2023-2024:
FFs at high-QZ2 (physical point,
Tsink > 1fm, Q2 up to 11.6 GeV?2

% Longitudinally polarized TMD/GTMD

Preparatory work 57

% transverse nucleon spin quantities
(e.g., generalized worm-gear shift)

* OAM from Ji, Jaffe-Manohar sum rules
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Strange-quark PDFs for nucleon Pl R L

2023-2024 proposal
% Extend work on strange PDFs using Nf=2+1+1 clover on HISQ fermions (m, = 310 MeV, a = 0.06 fm)

% Analysis improvement on strange asymmetry - input for CT18 global fits
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2023-2024 proposal
% Extend work on strange PDFs using Nf=2+1+1 clover on HISQ fermions (m, = 310 MeV, a = 0.06 fm)

% Analysis improvement on strange asymmetry - input for CT18 global fits

Preparatory work
% Nf=2+1+1 clover on HISQ fermions (m;*® = 310 MeV, a = 0.12 fm, m;al = 310,690 MeV)
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2023-2024 proposal
% Extend work on strange PDFs using Nf=2+1+1 clover on HISQ fermions (m, = 310 MeV, a = 0.06 fm)

Strange-quark PDFs for nucleon

% Analysis improvement on strange asymmetry - input for CT18 global fits

Preparatory work

% Nf=2+1+1 clover on HISQ fermions (m;*® = 310 MeV, a = 0.12 fm, m;al = 310,690 MeV)
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TeV W,Z combined cross-section measurements) with no
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Pl: H.-W. Lin
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2023-2024 proposal
% Extend work on strange PDFs using Nf=2+1+1 clover on HISQ fermions (m, = 310 MeV, a = 0.06 fm)

% Analysis improvement on strange asymmetry - input for CT18 global fits

Preparatory work
% Nf=2+1+1 clover on HISQ fermions (m;*® = 310 MeV, a = 0.12 fm, mVal 310, 690 MeV)
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Strange-quark PDFs for nucleon Pl R L

2023-2024 proposal
% Extend work on strange PDFs using Nf=2+1+1 clover on HISQ fermions (m, = 310 MeV, a = 0.06 fm)

% Analysis improvement on strange asymmetry - input for CT18 global fits

Preparatory work
% Nf=2+1+1 clover on HISQ fermions (m;*® = 310 MeV, a = 0.12 fm, mVal 310, 690 MeV)
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Proton and meson structure PI: D. Richards

* Methodology: pseudo-PDFs, distillation / syst. effects: higher-twist effects, 7> contaminating amplitude

* 2022: results with 2+1 clover fermions (m_ = 360 MeV, a = 0.093 fm)
quark helicity & transversity PDF, gluon unpolarized & helicity PDF

Impl
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Proton and meson structure PI: D. Richards

* Methodology: pseudo-PDFs, distillation / syst. effects: higher-twist effects, 7> contaminating amplitude

* 2022: results with 2+1 clover fermions (m_ = 360 MeV, a = 0.093 fm)
quark helicity & transversity PDF, gluon unpolarized & helicity PDF

[C. Egerer et al., JHEP 03 (2023) 086]
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* Methodology: pseudo-PDFs, distillation / syst. effects: higher-twist effects, 7> contaminating amplitude

* 2022: results with 2+1 clover fermions (m_ = 360 MeV, a = 0.093 fm)
quark helicity & transversity PDF, gluon unpolarized & helicity PDF

[C. Egerer et al., JHEP 03 (2023) 086] [C. Egerer et al., PRD 105, 034507]

0.15 0.15
= NNPDFpoll.1 = NNPDFpoll.1
0.2+ = JAM17 == JAM17 |
45 == JAM22 — JAM22 * 0.1
=g (x.0) faa () i (=:4°) f94 () & 0.05
R
)
1.0 = 0.0

g ()

<I>g jjisub(V:Z2)

4 Lattice QCD ~ -0.1 1

-0.05 - #== NNPDF I, ¢ Lattice QCD

0

0.0 0.2 0.4 ) 0.6 0.8 1.0 ) 0.8 1.0 :m: §:+:, 1 :f:ﬁ j::)
Akaike Information Criterion used to average over BCEE R R U N I R
model functions and cuts in range of lattice data. . . o .
Hint for a nonzero gluon spin contribution to proton spin
ValericelqUarKdistibUtnS No positivity constraint: magnitude/sign of
04 NLO | | NLO-+NLLpy gluon helicity undetermined
/;2\ ().3. 0.3
3 "2 /' m exp only 02

B exp+lat (p=1)
Bl cxp+lat (all p)

[y L
\g().OG _ J 0.15 J
0021 NA o 0.05 \, S ‘
0 02 04 06 08 1 0 02 04 06 08 1
x x

[P. Barry et al. PRD 105 114051]

0.17 0.17

Constraining power of
LQCD results on pion PDF

— M. Constantinou, USQCD AHM 2023 n




Proton and meson structure PI: D. Richards

* Methodology: pseudo-PDFs, distillation / syst. effects: higher-twist effects, 7> contaminating amplitude

* 2022: results with 2+1 clover fermions (m_ = 360 MeV, a = 0.093 fm)
quark helicity & transversity PDF, gluon unpolarized & helicity PDF

[C. Egerer et al., PRD 105, 034507]
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% Lack density interpretation,

but can be sizable f=10 +f§)

% Kinematically suppressed
Difficult to isolate experimentally

% Understanding importance of g-g-q:
WW approximation

_I_

Proton GPDs

1
l

Q2

Pl: M. Constantinou
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Proton G PDS Pl: M. Constantinou

% Lack density interpretation,

but can be sizable f=10 +f§) Jf;)

* Kinematically suppressed
Difficult to isolate experimentally

% Understanding importance of g-g-q:
WW approximation

10 S !
— — [Ga + H](z,0,-0.69GeV?) | j|

g F|— — [Go+ H](x,0,-1.28GeV?) | §| P; = 1.25 GeV
H(z,0,—-0.69GeV?) |

Gy + B)(z,0,~0.69) |
G, + E](z,0,—1.39) P, = 1.25 GeV
10
[S. Bhattacharya et al., ST 5
PoS LATTICE2021 (2022) 054 0 e—— —egll® - .. ........................................... -
arXiv:2112.05538] :
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Proton G PDS Pl: M. Constantinou

% Lack density interpretation,

- 1 2 g
but can be sizable popo S IE % Proposal. GPDs, |
St 0 02 Nf=2+1+1 twisted mass fermions
* Kinematically suppressed (m_a) = {250 MeV, 0.08 fm)
Difficult to isolate experimentally
% Understanding importance of g-g-q: % Parametrization of matrix elements
WW approximation in Lorentz invariant amplitudes
10 E— |
— = [G>+ H|(x,0,-0.69GeV?) | || " DU u . uA 0 zA w: zA wi ZA 7
8 || — — [Go+ H)(x,0,-128CeV?) | | P, — 1.25 GeV o, P A , o Ptioc !io Aio
| lgLIT((Z’)O’ ~0.69GeV?) FZ/V — u(p 0 /1 ) _ﬁAl + Z'u MA2 + VA:S + lG'uZ MA4 + AS + M A6 + M A7 —+ M A8_ l/t(p, ﬂ)

Main advantage e Applicable to any kinematic frame

O ................................ _l

1[Gy + E](z,0,—0.69) | |

1? (G1 + E|(z,0, ~1.39) P; =1.25 GeV

[S. Bhattacharya et al., 5t
PoS LATTICE2021 (2022) 054 0 e — el — -
arXiv:2112.05538]
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Proton G PDS Pl: M. Constantinou

% Lack density interpretation,

- (1) (2) .
but can be sizable £ fgo>+ﬁ PEL *  Proposal. GP_DS’ _
0 2 Nf=2+1+1 twisted mass fermions
* Kinematically suppressed {m_,a} = {250 MeV, 0.08 fm}
Difficult to isolate experimentally
Y Understanding importance of g-g-q: * Parametrization of matrix elements
WW approximation in Lorentz invariant amplitudes
10 E— ]
— — [G2 + H](z,0, -0.69GeV?) | C pu U . _uA w: zA e zA we zA
g L= — [Got )20, ~1.28Gev?) | | Py —125CGeV | B P A , o Ptioc !io Aio
1(z,0,~0.69GeV? ' Ft'  =u(p,A)|—A, + # MA, + —A; + ic"* MA, + As + A¢ + A, + Aglu(p, A
6l ——fT((a:)O 0.69GeV?) A, (P’ 4) M 1 2 M 3 4 5 M 6 M 7 M 8_ (p,4)
i Main advantage e Applicable to any kinematic frame
5|
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TM DS Pl: M. Wagman
2023-2024 proposal

% Collins-Soper evolution kernel: (Nf=2+1+1, HISQ, m_= 140 MeV, a = 0.09 fm)
relates transverse momentum-dependent parton distribution functions at different energy scales

Scale evolution bT : transverse displacement

/
fiTMD (:E, ET, i, C) _ fz'TMD (:E, ET, Lo, CO) exp [/“ (L—’Lffyz (,u’, CO)] exp [%72 (,LL, bT) In Ci] u0 : virtuality scale
" ’ CO : hadron mom. scale
2 43 )
Ratios of operators with 3
staple-shape WL 1 | S

[ ] qi(z“)
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TM DS Pl: M. Wagman
2023-2024 proposal

% Collins-Soper evolution kernel: (Nf=2+1+1, HISQ, m_= 140 MeV, a = 0.09 fm)
relates transverse momentum-dependent parton distribution functions at different energy scales

Scale evolution , .
bT : transverse displacement

- - Hdy L S
fiTMD (x, br, u, C) = fz'TMD (1'7 br, o, CO) eXp [/ 77,1 (:ula CO)] Xp [57{ (,LL, bT) In a] w0 : virtuality scale
Y
X CO : hadron mom. scale

Non-pert (small parton transverse

momentum): 1/bT ~ Aacp 2 +n2 «
Ratios of operators with 3
staple-shape WL 1 | S

[ ] qi(z“)
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TM DS Pl: M. Wagman
2023-2024 proposal

% Collins-Soper evolution kernel: (Nf=2+1+1, HISQ, m_= 140 MeV, a = 0.09 fm)
relates transverse momentum-dependent parton distribution functions at different energy scales

Scale evolution bT : transverse displacement

7 7 “dy i Iy G
fz’TMD (xv br, u, C) = szMD (937 br, o, CO) eXp [/ 77“ (W' CO)] eXp [57( (, br) In a] u0 : virtuality scale
I
X CO : hadron mom. scale
Non-pert (small parton transverse
* 2022: Nf=2+1+1, HISQ, m, = 140MeV,a = 0.12fm momentum): 1T = flace S
TMDWEF via pion quasi TMDWFs with non-pert. Ratios of operators with 4
renormaization and NLO matching (b= 0.6 ) staple-shape WL [ e
6 by = 0.12 fm, n* =6 mmﬂimm & (")
gt 2
.E, Ofe emcmememen® SBopcmcEeEe S
g 2
_4;
—6F O ¢/a=17 O ¢/a=20
5 -0 5 o0 s 10 15 b
‘I O ¢a=17 O ¢/a=20

© eaeaeaeaeae% o]
: o i
6 - by =0.12 fm, n® =6
-15 -10 -5 0 5) 10 15
b*P
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* 2022: Nf=2+1+1, HISQ, m_, = 140MeV,a = 0.12fm

2023-2024 proposal

% Collins-Soper evolution kernel: (Nf=2+1+1, HISQ, m_= 140 MeV, a = 0.09 fm)
relates transverse momentum-dependent parton distribution functions at different energy scales

Scale evolution

fiTMD (:C, ET,M, C) — fZ.TMD (:c, 5T,u0, Co) EXp [L

TMDWEF via pion quasi TMDWFs with non-pert.
renormalization and NLO matching (b, = 0.6 fm)

" br=0.12fm, n° =6

mm

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

O ¢a=17 O ¢/a=20

matching in x space

—_—

o eaeaeaeaeae% @mmgaeseaeaeaeae e
: i 5
:_ br =0.12 fm, n* =6

-15  -10 -5 0 5 10 15

TMDs

Hdy 1

2

0

. (W, Co)] exp [—72 (i, br) In

3
Go

n0 : virtuality scale

Pl: M. Wagman

bT : transverse displacement

CO : hadron mom. scale

Non-pert (small parton transverse
momentum): 1/bT ~ Aacbp

< n® =4/6 n® = 4/10 n® = 6/10
'w L
% 0.5+ n®* =4/8 n* =6/8 n* =8/10
3 i
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Ratios of operators with
staple-shape WL
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TM DS Pl: M. Wagman
2023-2024 proposal

% Collins-Soper evolution kernel: (Nf=2+1+1, HISQ, m_= 140 MeV, a = 0.09 fm)
relates transverse momentum-dependent parton distribution functions at different energy scales

Scale evolution bT : transverse displacement

TMD TMD H /
fi (xa br, u, C) = [ (337 br, o, CO) eXp [/ 77; (u', CO)] eXp [572 (p, br) In a] u0 : virtuality scale
MO
CO : hadron mom. scale
Non-pert (small parton transverse
momentum): 1/bT ~ A 24z
* 2022: Nf=2+1+1, HISQ, m_= 140MeV, a = 0.12 fm : 1/BT ~ Aaco «
TMDWEF via pion quasi TMDWFs with non-pert. Ratios of operators with A
renormalization and NLO matching (b.= 0.6 fm) staple-shape WL I | S
6 by = 0.12 fm, n* =6 mmﬂiﬂim _ & (")
4:_ m m ]
i o 0y
e 2f = = — [ L T o T
’2 = : . ®Ee & n® =4/6 n* = 4/10 n* = 6/10
% o SEORcRemes” rseseEEER matching in x space § 05l o — 43 s i
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Hadron tensor of pion

2023: Nf=2+1+1 HISQ fermions (m_, = 135MeV,a = 0.12,0.15 fm)

Calculation of 4-pt functions: computationally challenging, but no need for
high momentum boost or matching formalism |, (p.q) / dizei (. p| JEM(2) JEM(0) 7. p)

Scalar and vector cases

Study of reconstruction methods of the physical HT from Euclidean HT:
Laplace transform

Pl: W. Jay

Junior investigator

Talk @ 3:10 pm
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Hadron tensor of pion Pl: W. Jay

Junior investigator

2023: Nf=2+1+1 HISQ fermions (m_, = 135MeV,a = 0.12,0.15 tm) Talk @ 3:10 pm

Calculation of 4-pt functions: computationally challenging, but no need for
high momentum boost or matching formalism . . / dizei (. p| JEM(2) JEM(0) 7. p)

Scalar and vector cases

Study of reconstruction methods of the physical HT from Euclidean HT:
Laplace transform

(P(t)P(0)) . (Vi(t)Vi(0))
— POl / . I Ak 2 Finite-volume spectral densities (a = 0.12 fm)
attice cutoff hc/a .6 : : | - . . .

3 3 L assoclated with scalar and vector 2pt functions.
5 5054 ' 1 I ---- 8n - -
> ” > b e cutoff Aera Reconstruction using a novel procedure
@ % 0.4 1 I | B .
g 2 A I developed by group. Peaks compatible to o-
o Central value only T il I | /| |Cantral valu .
© Errors analysis © 0-3 .+ 1| |Erfors analy meson around 770 MeV near the location of the
v in progress S g5- i+ 1] |in progress ,
% § - o ) lightest vector resonances.

| y o1 |\

: | I | OO : I : | : |

0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0
Energy w [GeV] Energy w [GeV]
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Hadron tensor of pion Pl: W. Jay

Junior investigator

2023: Nf=2+1+1 HISQ fermions (m_, = 135MeV,a = 0.12,0.15 tm) Talk @ 3:10 pm

Calculation of 4-pt functions: computationally challenging, but no need for
high momentum boost or matching formalism , . / dizei (. p| JEM(2) JEM(0) 7. p)

Scalar and vector cases

Study of reconstruction methods of the physical HT from Euclidean HT:
Laplace transform

(P(t)P(0)) o Wevio

i - n[POG] B . T 2 Finite-volume spectral densities (a = 0.12 {m)
36 3 i - 6m assoclated with scalar and vector 2pt functions.
§ 5 ” ; I .y Reconstruction using a novel procedure
2, 2o4r 0 developed by group. Peaks compatible to Q-
s 3 E_frﬁ’i?LXZ!‘y‘Sié’ " 5 03 E?,J;tr;aLXZ.'; meson around 770 MeV near the location of the
E&, 24 | P :% 0-2 m ke lightest vector resonances.

1 j.L J 0.1 i ' ? :

T oe 7 . 00 ———=—~——HN | % Focus: quantify systematics related to finite-volume

Energy w [GeV] Energy w [GeV] that may be leading the uncertainties

% Long-term plan: investigate other systems, e.g., proton
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