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Lattice QCD @ LHC

* Inputs for interpreting high-energy collisions at LHC for SM and Beyond.

M. Seidel, Thu 9:00 am M. Muskinja, Thu 9:30 am J. M. Cruz Martinez, Thu 10:00 am

B ———
Predictions of the Higgs boson production cross section in pp collisions

G. Heinrich, Tue 9:30 am

S————
% Lattice QCD-derived PDFs complement phenomenological fits to
experimental data sets. Better constraints on the isovector proton PDF
for high-x region at ~10% level will impact predictions for new-physics
searches at ATLAS and CMS [2017 PDFLattice Report, Prog. Part. Nucl. Phys. 100, 107 (2018)]

% Lattice can complement experimental data in kinematic regions where
data are sparse or unavailable. Essential for heavy ion collisions, small-x
physics, and precision Higgs and top-quark physics

% Lattice results on spin-dependent PDFs interest for experiments at the
LHC and other spin-polarized collision experiments.

% Strange PDFs have important role in precision EW physics can be

coupled with W + ¢ data from LHC (unpolarized PDFs).  t Hobbs, Tue 2 pm
T
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Accessing PDFs/GPDs
from lattice QCD




Nucleon Characterization

Wigner distributions
% Fully characterize partonic structure of hadrons

% Provide multi-dim images of the parton distributions in phase space

Wigner Distributions

Impact Parameter
Distributions

% Correlations between momenta, positions, spins

% Information on the hadron’s mechanical properties (OAM, pressure, etc.)

mnl
Iﬂl M. Constantinou, QCD@LHC 2024 n



Nucleon Characterization

Wigner distributions
% Fully characterize partonic structure of hadrons

% Provide multi-dim images of the parton distributions in phase space

Wigner Distributions

W (z, kT, br) % Partons contain information on
x: longitudinal momentum fraction
ki transverse momentum

b : impact parameter

Impact Parameter /

Distributions

% Correlations between momenta, positions, spins

% Information on the hadron’s mechanical properties (OAM, pressure, etc.)
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Hadron Structure

% Structure of hadrons explored in high-energy scattering processes

Collisions @ EIC

% Processes cross-section contains information on hadron

opis(x, Q%) = Z Hiys ® £ (x, 07) [a®b]<x>z[:%a<§> b

l

B T IlIIIIII T IIIIIIII T TT
" PDF4LHC15 (NLO)

% Hadron structure expressed in terms of sttt
distribution functions of partonic constituents
(PDFs, GPDs, TMDs)

M. Constantinou, QCD@LHC 2024
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Hadron Structure

% Structure of hadrons explored in high-energy scattering processes

Collisions @ EIC

% Processes cross-section contains information on hadron

opis(x, 0°) = Z His ® f] (x, 07) [a@b](x)s[:§a<f> b(&)

¢
l

Perturb. part
(process dependent)

B T IlIIIIII T IIIIIIII T TT
" PDF4LHC15 (NLO)

% Hadron structure expressed in terms of sttt
distribution functions of partonic constituents
(PDFs, GPDs, TMDs)
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Hadron Structure

% Structure of hadrons explored in high-energy scattering processes

Collisions @ EIC

% Processes cross-section contains information on hadron

2 ' 2 !
opis(x. 0%) = ), [Hiys ® ] (x. %) poilw=La(Z) s
i/ =
(process dependent) (process “independent”)
_ e e
% Hadron structure expressed in terms of Y

distribution functions of partonic constituents
(PDFs, GPDs, TMDs)

M. Constantinou, QCD@LHC 2024

t


https://www.flickr.com/photos/brookhavenlab/49898371468/in/album-72157714316624996/

Accessing information on PDFs/GPDs

% In parton model, physical picture valid for infinite momentum frame
[R. P. Feynman, Phys. Rev. Lett. 23, 1415 (1969)]

% PDFs parameterized via matrix elements of nonlocal light-cone operators

_1
A

f(@) / dy~ e~ =PV (P, S|y Wby | P, )
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Accessing information on PDFs/GPDs

% In parton model, physical picture valid for infinite momentum frame
[R. P. Feynman, Phys. Rev. Lett. 23, 1415 (1969)]

% PDFs parameterized via matrix elements of nonlocal light-cone operators

1 — _—1ix - n
F@) = o [ dy e (S Wy PS)
% Mellin moments © 1 o o
: g(—12)yW[-1z,L12)q(12) = — 2ay -+ 2a, |’ D ... D% q
(local OPE expansion) 2 27270002 7;)71! ! [ ]

local operators

Aaga{u

2mN

AFAHL ... ABn-1 AFAHML ... AHPn—1
+ Cro(&?)| )} -
n even mN

AML .. AR .ﬁ“"‘l}Bn,i(t)} Cn,O(A2)

© o VCP)

n—1
(N(P)IOU™ = IN(P) ~3 {1 P P )
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Accessing information on PDFs/GPDs

% In parton model, physical picture valid for infinite momentum frame
[R. P. Feynman, Phys. Rev. Lett. 23, 1415 (1969)]

% PDFs parameterized via matrix elements of nonlocal light-cone operators

1 — _—1ix - n
F@) = o [ dy e (S Wy PS)
% Mellin moments © 1 o o
: G(—22) Y W[—2z,32]q(32) = — Zay -+ Zay, @Y DY ... D% q
(local OPE expansion) 2 27270002 nz:‘;n! ! [ ]

_ local operators
Reconstruction of PDFs/GPDs very challenging

Aaaa{u

2mN

—u — BAKML ... AHn—1 AFAHL ... ABn—1
AR AP -P“"‘”Bn,z-(t)} LA AP G oY) )} F Cro(A?)
mny n even mN )

© o VCP)

-l ‘
V(PO " IN(P)~E (st s Pt s P
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Accessing information on PDFs/GPDs

% In parton model, physical picture valid for infinite momentum frame
[R. P. Feynman, Phys. Rev. Lett. 23, 1415 (1969)]

% PDFs parameterized via matrix elements of nonlocal light-cone operators

1

f@)= o

[ dymem =T (P SId Wiy S)

% Mellin moments ®© 1 o o
— 1 o 1 1 1 — O 0"
_ _1 W[—1iz 1 1 — z: o o D™ ... D"
(local OPE expansion) 1(=22)7"Wl=27 27 4(32) pl Foa [‘” q]

local operators

Reconstruction of PDFs/GPDs very challengmg

AFAHL ... A#n—1

mn

C'n,O (Az)

2my mpy

(N(P/)lof‘t/ﬁtl-..pn—llN( )>NZ{ {#A# L ARPHL P }A () Aaga{ﬂA L AP PP }Bn,z( )} APAHL . AM _1Cn,0(A2)‘neven)} . N n] U(P)

% Matrix elements of nonlocal operators (NP | ()T W (2,0)%(0) | N(P)),
(quasi-GPDs, pseudo-GPDs, ...)

Nonlocal operator with Wilson line

1w,

T(P) {vH(a,&,0) + T—
T(P) {152, 6,8) + 2" Ba, &) | U(P) + bt
?[MAV]~

LAV

Y

E t) + Hr(xz, &, t) +
my T(x7€a) mi T( g ) my

(N(P)|Ov(2)|N(P))
(N(P)|O%(2)|N(P))
(N(P")|O7(x)|N(P))

E(z, g,t)} U(P) + ht,

Ty =

Er(z,€, t)} U(P) + ht

U(P'){ 0% Hy(a,6,1) +

T
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Accessing information on PDFs/GPDs

% In parton model, physical picture valid for infinite momentum frame
[R. P. Feynman, Phys. Rev. Lett. 23, 1415 (1969)]

% PDFs parameterized via matrix elements of nonlocal light-cone operators

1

f@)= o

[ dymem =T (P SId Wiy S)

% Mellin moments ®© 1 o o
— 1 o 1 1 1 — O 0"
_ _1 W[—1iz 1 1 — z: o o D™ ... D"
(local OPE expansion) 1(=22)7"Wl=27 27 4(32) pl Foa [‘” q]

local operators

Reconstruction of PDFs/GPDs very challengmg

AFAHL ... A#n—1

mn

C'n,O (Az)

2my mpy

(N(P/)lof‘t/ﬁtl-..pn—llN( )>NZ{ {#A# L ARPHL P }A () Aaga{ﬂA L AP PP }Bn,z( )} APAHL . AM _1Cn,0(A2)‘neven)} . N n] U(P)

% Matrix elements of nonlocal operators (NP | ()T W (2,0)%(0) | N(P)),
(quasi-GPDs, pseudo-GPDs, ...)

Nonlocal operator with Wilson line

(N(P)YIOL)IN(PY) =T(P) {H(z,6,0) + 2 _=2B(x,6,0} U(P) + This talk

(N(PIOA@IN(P) =T(P) {ysH(z,68) + 2" Bla,&,) | U(P) + bt e
wAV Bl vl __ [l‘_u] v

(N(P)|O (z)|N(P)y=U(P { o Hp(z, €, t) + ’)’[mAN]ET(x, £,1) + Pmi Hp(z,&,t) + 7mi ET(x,§,t)} U(P) + ht

T
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Novel Approaches

% Hadronic tensor [K.F. Liu, S.J. Dong, PRL 72 (1994) 1790, K.F. Liu, PoS(LATTICE 2015) 115]
Auxiliary scalar quark [U. Aglietti et al., Phys. Lett. B441, 371 (1998), arXiv:hep-ph/9806277]
Fictitious heavy quark [W. Detmold, C. J. D, Lin, Phys. Rev. D73, 014501 (2006) |
Auxiliary scalar quark [V. Braun & D. Mueller, Eur. Phys. J. C55, 349 (2008), arXiv:0709.1348]
Higher moments [Z. Davoudi, M. Savage, Phys. Rev. D86, 054505 (2012) |

Quasi-distributions (LaMET)  x.Ji, PRL 110 (2013) 262002, arXiv:1305.1539; Sci. China PPMA. 57, 1407 (2014)]
Compton amplitude and OPE  [a. chambers et al. (QCDSF), PRL 118, 242001 (2017), arXiv:1703.01153]

Pseudo-distributions [A. Radyushkin, Phys. Rev. D 96, 034025 (2017), arXiv:1705.01488]
Good lattice cross sections [Y-Q Ma & J. Qiu, Phys. Rev. Lett. 120, 022003 (2018), arXiv:1709.03018 |
PDFs without Wilson line [Y. Zhao Phys.Rev.D 109 (2024) 9, 094506, arXiv:2306.14960]

Moments of PDFs of any order [a. shindler, Phys.Rev.D 110 (2024) 5, L051503, arXiv:2311.18704 ]
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Novel Approaches

% Hadronic tensor [K.F. Liu, S.J. Dong, PRL 72 (1994) 1790, K.F. Liu, PoS(LATTICE 2015) 115]
Auxiliary scalar quark [U. Aglietti et al., Phys. Lett. B441, 371 (1998), arXiv:hep-ph/9806277]
Fictitious heavy quark [W. Detmold, C. J. D, Lin, Phys. Rev. D73, 014501 (2006) |
Auxiliary scalar quark [V. Braun & D. Mueller, Eur. Phys. J. C55, 349 (2008), arXiv:0709.1348]
Higher moments [Z. Davoudi, M. Savage, Phys. Rev. D86, 054505 (2012) |

Quasi-distributions (LaMET)  x.Ji, PRL 110 (2013) 262002, arXiv:1305.1539; Sci. China PPMA. 57, 1407 (2014)]
Compton amplitude and OPE  [a. chambers et al. (QCDSF), PRL 118, 242001 (2017), arXiv:1703.01153]

Pseudo-distributions [A. Radyushkin, Phys. Rev. D 96, 034025 (2017), arXiv:1705.01488]
Good lattice cross sections [Y-Q Ma & J. Qiu, Phys. Rev. Lett. 120, 022003 (2018), arXiv:1709.03018 |
PDFs without Wilson line [Y. Zhao Phys.Rev.D 109 (2024) 9, 094506, arXiv:2306.14960]

Moments of PDFs of any order [a. shindler, Phys.Rev.D 110 (2024) 5, L051503, arXiv:2311.18704 ]

* Reviews of methods and applications

- A guide to light-cone PDFs from Lattice QCD: an overview of approaches, techniques and results
K. Cichy & M. Constantinou (invited review) Advances in HEP 2019, 3036904, arXiv:1811.07248

- Large Momentum Effective Theory
X. Ji, Y.-S. Liu, Y. Liu, J.-H. Zhang, and Y. Zhao (2020), 2004.03543

- The x-dependence of hadronic parton distributions: A review on the progress of lattice QCD
T M. Constantinou (invited review) Eur. Phys. J. A 57 (2021) 2, 77, arXiv:2010.02445

— M. Constantinou, QCD@LHC 2024 n




Novel Approaches

quasi-PDFs pseudo PDFs

% [X. Ji, PRL 110 (2013) 262002} | % [A. Radyushkin, |
» P e . PRD 96, 034025 (2017)] #

¢ Good lattice cross%,
y sections

[Y-Q Ma & J. Qiu, PRL 120, 022003 (2018)] }

x-dependent
N A distribution J o
- Sy functions o ™~_ /  Other

lcurrent-currentt s { methods !
£ t Y. zZh i
correlators PRD 105 (2024) 9, 094506]

[Y-Q Ma & J. Qiu,

| [A Shindler,
PRL 120, 022003 (201 8)]

PRD 110 (2024) 5, L0515

2 e >
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Novel Approaches

i- ‘»L | Sameraw lattice da’ra
quasi-PDFs 3,  Sameraw & ) pseudo- PDFs

% [X. Ji, PRL 110 (2013) 262002} | % [A. Radyushkin, |
\ P e . PRD 96, 034025 (2017)] #

¢ Good lattice cross%,
y sections

[Y-Q Ma & J. Qiu, PRL 120, 022003 (2018)] }

x-dependent
N A distribution J o
- Sy functions o ™~_ /  Other

lcurrent-currentt s { methods !
£ t Y. zZh i
correlators PRD 105 (2024) 9, 094506]

[Y-Q Ma & J. Qiu,

| [A Shindler,
PRL 120, 022003 (201 8)]

PRD 110 (2024) 5, L0515

2 e >
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Well-studied “novel” methods for PDFs/GPDs in LQCD

Matrix elements of non-local operators (space-like separated fields) with boosted hadrons

M(P;, P, 2) = (N(P) | () T W (2.0)¥(0) | N(P)),

LTl
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Well-studied “novel” methods for PDFs/GPDs in LQCD

Matrix elements of non-local operators (space-like separated fields) with boosted hadrons

M(P;, P, 2) = (N(P) | () T W (2.0)¥(0) | N(P)),

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002] quasi-PDFs

pseudo-ITD [A. Radyushkin, PRD 96, 034025 (2017)]
[X. Ji, Sci. China Phys. M.A. 57 (2014) 1407] .,

dz _. MW, E, 1,23
—e ST (P, Py 2) M, &, 1,23) = .o 55)

= (v=2z-p)
47 T (0,0,0;22)

GPO(x, 1, &, Py 1) = j

— M. Constantinou, QCD@LHC 2024 m



Well-studied “novel” methods for PDFs/GPDs in LQCD

Matrix elements of non-local operators (space-like separated fields) with boosted hadrons

M(P;, P, 2) = (N(P) | () T W (2.0)¥(0) | N(P)),

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002] quasi-PDFs

pseudo-ITD [A. Radyushkin, PRD 96, 034025 (2017)]
[X. Ji, Sci. China Phys. M.A. 57 (2014) 1407] “n,

~ 9 i M, &,1;33)
Gr (6,1, &, Py, ) = J—e B2 M(Py, P 2) M(v, &, 1;25) = Sk

(v=2z-p)
471' %(070903 Z2)

Matching in momentum space ™
(Large Momentum

Effective Theory ) O, u?) = [ dx e™q(x, u*)
Light-cone PDFs & GPDs -

Matching in v space

LTl
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Well-studied “novel” methods for PDFs/GPDs in LQCD

Matrix elements of non-local operators (space-like separated fields) with boosted hadrons

M(P;, P, 2) = (N(P) | () T W (2.0)¥(0) | N(P)),

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002] quasi-PDFs

pseudo-ITD [A. Radyushkin, PRD 96, 034025 (2017)]
[X. Ji, Sci. China Phys. M.A. 57 (2014) 1407] “n,

~ 9 i M, &,1;33)
Gr (6,1, &, Py, ) = J—e B2 M(Py, P 2) M(v, &, 1;25) = Sk

(v=2z-p)
471' %(070903 Z2)

Matching in momentum space ™
(Large Momentum

Effective Theory ) O, u?) = [ dx e™q(x, u*)
Light-cone PDFs & GPDs -

Matching in v space

Calculation very taxing!

- length of the Wilson line (z)

- nucleon momentum boost ( P;)
- momentum transfer ( 1)

- skewness ( ¢)
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Well-studied “novel” methods for PDFs/GPDs in LQCD

Matrix elements of non-local operators (space-like separated fields) with boosted hadrons

M(P;, P, 2) = (N(P) | () T W (2.0)¥(0) | N(P)),

pseudo-ITD [A. Radyushkin, PRD 96, 034025 (2017)]

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002] quasi-PDFs
[X. Ji, Sci. China Phys. M.A. 57 (2014) 1407] 7

~ 9 i M, &,1;33)
Gr (6,1, &, Py, ) = J—e B2 M(Py, P 2) M(v, &, 1;25) = Sk

v=2z-p)
41 A(0,0,0; z2)

Matching in momentum space ™
(Large Momentum

Effective Theory ) O, u?) = [ dx e™q(x, u*)
Light-cone PDFs & GPDs -

Matching in v space

Calculation very taxing!

- length of the Wilson line (z)

- nucleon momentum boost ( P;) } PDFs, GPDs
- momentum transfer ( 7) GPDs

- skewness ( ¢)
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Quark PDFs:

The unpolarized case

M. Constantinou, QCD@LHC 2024



Collection of results

| L A I R I A L
B LP3'18, [Py« = 3.0 GeV B 1.5
B ETMC'20, |Ppax| = 1.4 GeV _
B ETMC'18, |pmax| = 1.4GeV 1.0
B JLab/W&M'20, |Ppax| = 3.3 GeV -
B NNPDF 3.1 1 I8 05
Bl ABP16 1!

—
M LP3'18, |Praxl = 3.0GeV -
M ETMC'20, |Pmax| = 1.4 GeV
M ETMC'18, |Pmax| = 1.4 GeV |
B NNPDF3.1 }
M ABP16 i
M CJ15 -

= 2f W CJ15 = 0
11
: -0.5
0f !
E ] | . | \ | N | | | . | . | . 1 A _1.0 1 N " | " s 1 L L 1 N 2 | "
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
X X

[M. Constantinou et al. (2020 PDFLattice Report), Prog.Part.Nucl.Phys. 121 (2021) 103908]

% Several improvements:
- More calculations at physical quark masses
- Ensembles at various lattice spacings
- Addressing systematic uncertainties due to methodologies

LTl
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Refining the unpolarized proton PDF (u-d)

% Physical quark masses

- HISQ, a=0.076 fm, P~1.5 GeV

- Deep Neural Network for
Inverse problem

- NNLO for matching

=2.0GeV)

q" 4 (x,u

0

"21.00 —0.75 —0.50 —025 0.00 025 050 075 1.00
X

[X. Gao et al., PRD 107 (2023) 7, 074509]

T
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% Physical quark masses

=2.0GeV)

q" 4 (x,u

[X. Gao et al., PRD 107 (2023) 7, 074509]

T

Refining the unpolarized proton PDF (u-d)

- HISQ, a=0.076 fm, P~1.5 GeV
- Deep Neural Network for

Inverse problem
- NNLO for matching

4
—— NNPDF40
—— DNN

3 _

2 4

1 -

0

-1 : : : , : : :
-1.00 -0.75 -0.50 —0.25 0.00 0.25 050 0.75 1.00

X

% Continuum limit

- TM&clover, a=0.09 fm, m=350 MeV

- P~1.8 GeV

- NNLO for matchin

5 T
fit O(a)
| fit O(a?)
4l NNPDF3.1nnlo |
J\ ()
3 “"\
2 F \
0 -
0 0.2 0.4 0.6 0.8 1
5 mm : .
fit O(a)
, fit O(a?)
4L ‘\“ q() NNPDF3.1nnlo |
3 B lL“:.‘
-\
2 \
1+ e
~—
0 -
0 0.2 0.4 0.6 0.8 1

5 mom
I
4F

sf W

T

fit O(a)
fit O(a?)
NNPDF3.1nnlo |

—
0.2 0.4 0.6 0.8 1
fit O(a)
fit O(a?)
q(z) NNPDF3.1nnlo -
0.2 0.4 0.6 0.8 1

[Bhat et al., PRD 106 (2022) 5, 054504]
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Improving evolution of PDFs

% Continuum limit - higher twist effects

- Clover, a=0.075, 0.065, 0.048 fm

- Mp=440 MeV

- Jacobi polynomials for controlling
finite-a & higher twist

—— CTI18
3. —— NNPDF3.1
—— MSHT20
S 9- — JAM20
= —— This work
1_
O- T T T
0.0 0.2 0.4 0.6 0.8 1.0
z I
— 0.5
0.0 ——
%\_0'5- — CT18
Y —— NNPDF3.1
' ‘ —— MSHT20
—1.5- — JAM20
—— This work
_20 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
T
-
[Karpie et al., JHEP 11 (2021) 024]
mpl
1L
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Improving evolution of PDFs

% Non-perturbative scale evolution

* Continuum limit - higher twist effects of pseudo distributions:
- Clover, a=0.075, 0.065, 0.048 fm
- Mp=440 MeV

- Jacobi polynomials for controlling

finite-a & higher twist

- lattice scale much different than
scale for light-cone PDFs

- addresses the subtle z2 behavior
of matrix elements

4 . .
— cT8 - reduces fluctuation of lattice data
3] —— NNPDF3.1
—— MSHT20 10 1
|1 . LLlwms
=9 — JAM20 1 W NLLgs
\s This work 1 0 LL + Osprlas) smeared
{ 7721 NLL + Ospelas) smeared
01 i 105 10 10~ 102 10-! 10°

s s
10-1 . " = amers A

1072 3
CT18 ]
NNPDF3.1 00 02 04 06 08 1.0 0 0.9 0.99
MSHT20 a a

JAM20
This work

0.999

[H. Dutrieux et al. (HadStruc), JHEP 04 (2024) 061]

0.0 0.2 0.4 0. 0.8 1.0

z Evolution of vector operator

- —— L
[Karpie et al., JHEP 11 (2021) 024] much larger than anticipated

T

— M. Constantinou, QCD@LHC 2024




Gluon PDFs for the proton

M. Constantinou, QCD@LHC 2024



[Khan et al., JHEP 11, 148 (2021)]

G I u o n P D F [Delmar et al., PRD 108 (2023) 9, 094515]

w2 - param(Q) 12F ETMC (B,,=0)
1e+00 - pm NNPDF3.1 B JAM20
CT18 i
Le-01 - s JAM20 10 | i HadStruc21
—~ B 0.8_ é TR !
B 1e-02: N . N
S > - v
S \g/ 0.6 9
1e-03 - - TR N E
0.4} ¢ ad9m310 SN
Le-04 - L ® al2m220 ~
e- 0.2}~ = a12m310 * i
. A al5m310
te-053 0.2 0.4 0.6 0.8 1.0 ob
T 0 1 2 3 4 3 6 70.0 0.2 0.4 0.6 0.8

[Fan et al., Phys. Rev. D'108, 014508 (2023)]

— M. Constantinou, QCD@LHC 2024
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[Khan et al., JHEP 11, 148 (2021)]

Gluon PD

[Delmar et al., PRD 108 (2023) 9, 094515]

W 2 - param(Q) 12—IIIIII ETMC (8,,=0)
1e+00 4 wem NNPDF3.1 i '
CT18 Lol JAM20
1e-01 - m— JAM20 L , i HadStruc21
—~~ I 0’8— é N\
5 1e-021 R - E
> = 0.6[ e
1e-03 3 \g/ i S A i E
04 ¢ a0d9m310 L S
L ® al2m220 N
1e-04 02 = a12m310 1
" A a15m310
te-053 0.2 0.4 0.6 0.8 1.0 o e e L . . . :
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Gluon Helicity PDF

- Neural network analysis of
lattice calculation disfavors
negative gluon polarizability
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Gluon Helicity PDF

- Neural network analysis of [J. Karpie et al., PRD 109 (2024) 3, 036031]
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rAg(z, p)

LQCD: Hint for a nonzero gluon spin (proton)
JAM analysis: No positivity constraint
(Ag > |g| for some regions of x)
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New Developments

% Twist-3 PDFs

* GPDs

M. Constantinou, QCD@LHC 2024



Twist-classification of PDFs, GPDs, TMDs

(1) (2)
* Twist: The order in O~! entering factorization fi=r0+ f’Q + féz

Twist-2 ()

(Selected) Twist-3 (f")

X vt Lot TeY)

H(x,¢, 1)

E(x,¢,1) u ©
unpolarized i T‘ Nucleon spin
| E(x, f, t) L ** quark spin
E(x,t,1) r & &
helicity
H. T ET
Hyp Eq
transversity
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Twist-classification of PDFs, GPDs, TMDs
o
0 Q7

* Twist: The order in O~! entering factorization fi=r0+

Twist-2 ()

(Selected) Twist-3 (1)

X vt Lot TeY)

H(x, ¢, 1) 6. c |
E(xl, 63 t)d U @ T‘ Gl, G2
unpolarize Nucleon spin 34
~ L > @ |
’Ii(x, ) ** quark spin ,-é_, ,-é_,
E(x,£,1) r & & G1 G
helicity G, Gy
L Hy(x, &, 1)
H. E ;
trar1Tsvers£ty E)(x,&,1)

% Twist-2: probabilistic densities - a wealth of information exists (mostly on PDFs)

% Twist-3: poorly known, but very important and have physical interpretation:
- as sizable as twist-2

- contain information about quark-gluon correlations inside hadrons
- appear in QCD factorization theorems for various observables (e.g. g,)
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Twist-classification of PDFs, GPDs, TMDs

(1) (2)
* Twist: The order in O~! entering factorization fi=r0+ J; + /i

ot

Twist-2 ()

(Selected) Twist-3 (f")

X vt Lot TeY)

H(x,&,1) G, G
E(xl, 6? t)d U @ T‘ Gl’ G2
unpolarize Nucleon spin 3 Uy
L L > >
E(x, f, 1) ** quark spin ,-é., E
E(x,£,1) r & & G1 G
helicity G, Gy
L Hy(x, &, 1)
H. E ]
trar1Tsvers£ty E)(x,&,1)

% Twist-2: probabilistic densities - a wealth of information exists (mostly on PDFs)

% Twist-3: poorly known, but very important and have physical interpretation:
- as sizable as twist-2

- contain information about quark-gluon correlations inside hadrons
- appear in QCD factorization theorems for various observables (e.g. g,)

The extraction of twist-3 is very challenges both experimentally and theoretically
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Theoretical setup

% Correlation functions i in coordinate space

PG, 8 P%) = 5 [ ey, XIg-5) DW=, 5)6(3)lpis M

20=0,Z7, =0

% Parametrization of coordinate-space correlation functions

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) [F. Aslan et a., Phys. Rev. D 98, 014038 (2018)]
1 3 5 o A3~
F K . D3 / — . D3 » . D3
4 75](CU,A,P )—2P3’U,(p )\)[P“ PO H(iE,f,t,P )+P“2mPOFE(w’€’t’P )

+A’1£Fg+g (z,&,t; P°) + Y P, a, (@, €t t; P°)

’7’75 v 'Y
+Al_LL P3 ( €7t P3)+7‘Eu A P3F~ (CB,f,t;PB) u(pzaA)
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Theoretical setup

% Correlation functions i in coordinate space

PG, 8 P%) = 5 [ ey, XIg-5) DW=, 5)6(3)lpis M

20=0,Z7, =0

% Parametrization of coordinate-space correlation functions

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) [F. Aslan et a., Phys. Rev. D 98, 014038 (2018)]
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* Forward limit for twist-3: only H# + G, = g, survives
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Theoretical setup

% Correlation functions i in coordinate space

PG, 8 P%) = 5 [ 6oy, XIS 5T W5, (e )

20=0,Z7, =0

% Parametrization of coordinate-space correlation functions

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) [F. Aslan et a., Phys. Rev. D 98, 014038 (2018)]
1 3 5 o A3~
K . D3 / — . D3 » . D3
FO sl (z, A; P )_2 ~u(py, )\)[P“ = Fg(x,&,t; P )+P“2 POFE'(w,E,t,P)

’75
-I—A“ joRed (:1:, &, t; P3) +’Y_T’Y5Ff[+é (xa 61 t; P3)

’7’75 vA
+AlfL P3 ( gvt P3)+7’5u A P3F~ (IE,f,t;P3) U( z,’\)

* Forward limit for twist-3: only H# + G, = g, survives
[S. Bhattacharya et al., PRD 102 (2020) 11 (Editors Selection)]
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| Lattice spacing: 0.093 fm |

8l  Volume: 323x 64 §

Twist-3 counterpart as sizable as twist-2

Burkhardt-Cottingham sum rule important check
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Theoretical setup

% Correlation functions i in coordinate space

P, 8 %) = 3 [ e g, NI ) DW=, 5103l N

20=0,Z7, =0

% Parametrization of coordinate-space correlation functions

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) [F. Aslan et a., Phys. Rev. D 98, 014038 (2018)]
1 ’Y ’Ys A375
H . p3 / - . p3 _ . p3
Fb 75](:c,A,P ) =3 3u(p A ) [P“ 5 H(x,g,t,P )+P"2 OFE(a;,f,t,P )
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* Forward limit for twist-3: only H# + G, = g, survives
[S. Bhattacharya et al., PRD 102 (2020) 11 (Editors Selection)]
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- - I dy 8 T T T T T T T T

WW approximation: s "® =[ —g,(y) Estimation > oWV () lattice
x Y 7 / gr(z) lattice N
twist-3 g-(x) determined by the twist-2 g,(x) 4} Actual calculation ¥V () NNPDF1.1pol -

e gV W () JAM17
5r N
® g.(x) agrees with gJW W(x) forx < 0.5 4r :
(violations up to 30-40% possible) 3+ .
2 - N
@ Violations of 15-40% expected 1 L .
from experimental data 0 b —— y

[A. Accardi et al., JHEP 11 (2009) 093]

WW approximation

[S. Bhattacharya et al., PRD 102 (2020) 11 (Editors Selection)]
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WW approximation

[S. Bhattacharya et al., PRD 102 (2020) 11 (Editors Selection)]
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WW approximation: s'"® =[ ) Estimation > oV (z) lattice
x Y 7 / gr(z) lattice N
twist-3 g-(x) determined by the twist-2 g,(x) 4} Actual calculation %W (z) NNPDF1.1pol -

‘“‘ () JAM17
5r N
® g.(x) agrees with g7W W(x) forx < 0.5 4r :
(violations up to 30-40% possible) 3+ .
2 - N
@ Violations of 15-40% expected 1 L .
from experimental data 0 b —— y

[A. Accardi et al., JHEP 11 (2009) 093]

X
S. Bhattacharya et al., PRD 104 (2021) 11, 114510]
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Proton GPDs

1030 ZEUS- total xsec O H1-total xsec
H1- dofdt

* Tomographic imaging of proton oo
has central role in the science LA

- Planned DVCS at fixed targ.:

prog ram Of EIC SCIENCE REQUIREMENTS  Re7 COMPASS. dokd, Acs, Acgy

o
3

AND DETECTOR Q) x” JLAB12- do/dt, ALy, AuL, ALl
A
c

GPDs, FFs, GFFs, TMDs, ... |y udiis
[R. Abdul Khalek et al.,

EIC Yellow Report 2021, arXiv:2103.05419]

T LI I| T T T T Trrr II T T
Current DVCS data at colliders:

% GPDs are not well-constrained experimentally
(N(P)|OY(@)|N(P)) =T(P) {"H(z,6,0) + T —LB(z,€,8) | U(P) +ht
(N(P)O@IN(PY) =T(P) { Tz, €,8) + L= B(a, €, L U(P) + bt

N .

% Can be accessed also at the twist-3 level

PO (0, 05 P%) = Ly, X) | PP By (0,6, + P4 T (6,85 P°)
+ A 2y, (0,66 P) + s Fy 5, (2,6, PY)

3

+ AT B R (o &6 P°) e D, fy F, (2,6,6.P) |u(pi, N

_LP3
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3.0

Light-cone GPDs
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H+ Gy E+51

% Direct access to E -GPD not possible
for zero skewness Ay,

P Fx(z,&,t; P°)

2m PO

* Glimpse into f—GPD through twist-3 :

/ ' de Bo.6.t) = Gp()

—1
1
/ dr Gi(z,&,t) =0, 1=1,2,3,4
—1
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H+ Gy E+51
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% Direct access to E -GPD not possible
for zero skewness | Ay PDF

P

. p3
2mPOFE(x’£’t’P )

* Glimpse into E -GPD through twist-3 :
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1
/ dz B(z,£,t) = Gp(t) ,
—1

1
/ dr Gi(z,&,t) =0, 1=1,2,3,4
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Synergy/Complementarity

of lattice and phenomenology




Incorporating lattice PDFs In global analyses

Synergy between lattice and phenomenology

% Lattice and experimental data sets data within the same global analysis

(JAM framework ) [J. Bringewatt et al., PRD 103 (2021) 016003, arXiv:2010.00548]
B exp 0.75¢
— 0.4 I exp+lat =
= | cat (o) R 0-20
5 02 3% - Consistent picture with
. = 0.00] JAM for unpolarized PDF
.<<,]; - Significant impact for
0.0 .
| helicity PDF
S BN exp
5—0.2; N exp-tlat
1 lat (DFT)
1072 10T 10° 1072 107! 10°
€T xZr

mpl
T .
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Incorporating lattice PDFs In global analyses

Synergy between lattice and phenomenology

% Lattice and experimental data sets data within the same global analysis

(JAM framework ) [J. Bringewatt et al., PRD 103 (2021) 016003, arXiv:2010.00548]
B exp 0.751
— 0.4 I exp+lat =
= | cat (o) R 0-20
502 3 0% - Consistent picture with
. = 0.00f JAM for unpolarized PDF
'C<81\ - Significant impact for
;Y helicity PDF
'S BN exp
%—0.2- B oxptlat
[ Jlat (DFT)
1072 1077 10° 1072 107! 10°
i i
% Other efforts within % Interest in applying similar approach to
NNPDF framework quantities that are more challenging to
[K. Cichy et al., JHEP 10 (2019) 137, arXiv:1907.06037] extract experimentally

[L. Del Debbio et al., JHEP 02 (2021) 138, 2010.03996 ]

(GPDs, twist-3 distributions, ...)
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How to lattice QCD data fit into the overall effort for hadron tomography
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How to lattice QCD data fit into the overall effort for hadron tomography

% Lattice data may be incorporated in global analysis of experimental
data and may influence parametrization of f and £ dependence
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How to lattice QCD data fit into the overall effort for hadron tomography

% Lattice data may be incorporated in global analysis of experimental
data and may influence parametrization of f and £ dependence
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1. of high-momentum transfer processes using

perturbative QCD methods and study of GPDs properties
2. Lattice QCD calculations of GPDs and related structures

3. Global analysis of GPDs based on experimental data using modern data
analysis techniques for inference and uncertainty quantification
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How to lattice QCD data fit into the overall effort for hadron tomography

% Lattice data may be incorporated in global analysis of experimental
data and may influence parametrization of f and £ dependence

QUARK-GLUON
TOMOGRAPHY

COLLABORATION

Office of Award Number:
Science  DE-SC0023646

1. of high-momentum transfer processes using
perturbative QCD methods and study of GPDs properties

2. Lattice QCD calculations of GPDs and related structures

3. Global analysis of GPDs based on experimental data using modern data
analysis techniques for inference and uncertainty quantification

Other GPD global analysis efforts:
e Gepard [https://gepard.phy.hr/]
e PARTONS [https://partons.cea.fr]
e EXCLAIM [https://exclaimcollab.github.io/web.github.io/#/]
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Synergies: constraints & predictive power of lattice QCD
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Concluding remarks




Concluding Remarks

% Impressive progress in the extraction of PDFs from Lattice QCD

% New Developments in several promising directions:

DA GPDs TMDs
M-H Chu, Thu 3:30 pm H. Dutrieux, Thu 4:30pm M. Wagman, Thu 5 pm

% Extensive programs in Gluon PDFs

% Synergy with phenomenology has the potential to enhance the
impact of lattice QCD data and complement data sets
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