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Rich Landscape of LQCD calculations
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Lattice QCD

Formulated by K. Wilson (1974)  Nymerical computation opened
by M. Creutz (1979)

et

Lattice QCD is QCD defined on a 4-dimensional Euclidean space-
time lattice

| ________i |l * Finite lattice spacing: (a)
=k | * Quark fields (q, ), Gauge fields (gluons): (U,)

* Perturbative & Numerical (nonperturbative) calculations

T === ——  Major systematic errors coming from:
e g * Finite lattice spacing a (UV cut-off effect)  « Statistical errors
| [ * ! « Chiral fit to get value at physical pion mass * Excited state contaminations
gluon quar * Renormalization

* Finite Volume



Three 2+1+1-flavor physical pion mass HISQ Ensembles

* Ensembles generated by

Ensemble M,L| L3T N conf MILC/CalLat/LANL
ID MeV] Collaborations

a09m135 0.0873 135 3.95 64396 1290 * Improved source smearing

-> 6060 / 8000 * Precise quark mass parameter tuning
a06m135 0.0564 135 3.95 963192 675 * Larger source-sink time separations to remove
) ) excited states
-> 8269 / 10000
* Doubled range of momentum transfer ¢ =
a04m135 0.0426 135 3.95 1443288 0/2000 2nn/L Largest spacelike 4-momentum transfer
Q? = —q?) increased from 0.45 GeV? to
0.82 GeV?

Will improve all nucleon results
in the continuum limit very
significantly (2-3X)
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Nucleon structure from LQCD correlation functions

er (t,7) = lel’conn(t, T) + Cﬂ’disc(t, T) — Charges, form factors,
moments, PDFs and GPDs

t disconnected

2
< T . quark loop O(z,Q%)
Nucleon Interaction ﬂ
o —O0
, AEEEEREEEEER
N(P, — §/2) N(P; + q/2)

quark propagator
: inverse of large (0(10?))
sparse Dirac matrix



Algorithm + GPU advances make these
high-statistics calculations possible

* QUDA node performance over time
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Speedup determined by measured time to solution for solving the Wilson operator against a random source on a V=24364
lattice, B=5.5, Mm=416 MeV. One node is defined to be 3 GPUs.

Kate Clark, NVIDIA, Lattice 2024 Conference
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Nucleon spin from quarks: Axial charge g;’l = Aq

gZ = Aq : Quark contributions to the nucleon spin
E i PNDME 25 E —— PNDME 25
+
1 — 1 (ﬁl —— (Iil— —
_— _Aq + L _I_] = ETM 24 > ETM 24
2 urd;S) tee 2 q g il PNDME 18A i PNDME 18A
[ E ainz E ainz
X. Ji, PRL 78 (1997) 610 | i )
z X z X
L,: orbital angular momentum of the quark . . . . . .
0.7 0.8 0.9 -0.5 -0.4 -0.3
J4: total angular momentum of the gluons 28
E L PNDME 25
"
Zl = BTM 24
—a— PNDME 18A
E L Mainz 19A
él“ ——#——  qcpis
—0.07 -0.05 —0.03

0.13 < Zq 0.5Aq < 0.18 COMPASS, Phys. Lett. B753, 18 (2016)
Zq 0.5Aq = 0.143(24) Park et al. [PNDME] PRD112 054508 (2025)

1980s

Photo courtesy of Brookhaven National Laboratory
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Sigma terms: Quark contributions to the nucleon mass
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A value around 60 MeV corresponds to only Strange-quark contribution
about 6% of the nucleon mass; to the nucleon mass

most of the mass arises from
nonperturbative QCD dynamics.

axis
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Neutron electric dipole moment d,: Tensor charge gr

e Contribution of the Quark electric dipole moment (QEDM) operator

d M- dT
— 1Y Y . d 14
ﬁ |dn| — |dug1f‘l+ddgT+dsg§"+"'|
+ + q
— .. — gr: Tensor charges
r ¢ dg: BSM couplings of CP violating gEDM operators
A nonzero neutron EDM H gy &1
is a sensitive probe of new sources of CP violation
e standard model (CKM) contribution to il S B
neutron EDM d,, is tiny ; e :
0.7 0.8 0.9 —0.25 -0.20 -0.15

|d,,| < 1.8x107%¢ ¢ - cm (90% C.L.)
C. Abel et al., PRL 124 (2020) 081803

1%}

g
\'

PNDME 25

Ne=2+41+1

ETM 24

whereas |d$"| < 6x1073% ¢ - cm
C.-Y. Seng, PRC 91 (2015) 025502

PNDME 18B

[

Ne=2+1

Mainz 19A
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Nucleon electromagnetic form factor:
charge distribution inside the nucleon
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Form Factor

r,

NME Collab. [S.Park, J.Yoo et al., in preparation]

Preliminary results on the nucleon electric (Gg) and magnetic (G,,) form factors
from 12 N¢=2+1 clover ensembles.

With highly improved statistics, these results show excellent agreement with
experimental data (Kelly, 2004)
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The Electron-lon Collider

Beyond the N UC|eon fO 'Mm fa Ctor: A machine that will unlock thesecrets of the strongest force in Nature
Parton Distribution Function (PDF) | &
Generalized Parton Distribution (GPD

A Y
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orm Factor PDF . of the nucleon
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b
0 r 0 r, access to quark/gluon

angular momentum and
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X o Higher Q mechanical structure
Elastic scattering =p  Deep Inelastic Scattering (DIS) in EIC L2




Nucleon Parton distribution function (PDF)

how the nucleon's momentum and spin are divided among quarks and gluons

X: longitudinal momentum fraction

Most well known
nucleon

momentum Q(X) = qT(X) S ql(x)
+ : helicity averaged, spin independent, unpolarized PDF

quark
spin

Ag(x) = g3(x) — q,(x)
: helicity-dependent, polarized PDF

+99
299

0q(x) = q,(x) + gr(x)
: spin transversely aligned PDF

Very poorly known
13



Status of isovector moments

Momentum Fraction
(X)y—-a = 0.154(10)(9)

LQCD 241

LQCD 2+1+1

Global Fit

Helicity Moment
(X)au-aa = 0.177(10)(15)
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[NME 26] arXiv:2608.02836;

[NME 20] JHEP 21, 004; [PNDME 20] PRD 102, 054512

Transversity Moment
(X)su-sa = 0.197(12)(18)

e NME 26
i Mainz 24
3 —=— NME 20
g —3— Mainz 19
=
FE FLAG 24
% — ETM 22
a —=— PNDME 20
§ —— FLAG 24
Lattice determinations are reaching
~10% precision, including helicity and
E; transversity moments
§ that are less constrained by
experimental data and global analysis
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Removing Excited State effects from Nucleon Matrix Element

* Nucleon signal/noise decays o< e ~(E~1.5Mm)T \yith Euclidean time 7. [G.P.Lepage 1989]
- Cannot gotolarge T

Created Excited states xz Nre, %z N
/ ’ '
must be ren?ovec{. i N*(1440), N*(1440),
But can we identify them?_ N*(1710) N*(1710)-
O 0 (t) T Charges,

»

form factors,
PDFs,
GPDs

C(t,7) = N
samp
{U}

Isolate the )
proton e ~Eo (71

Isolate the
_EP
proton e

15



N1t Excited-state contribution can be enhanced

To control ESC, we need to first determine the spectrum

In nucleon 2pt functions, 1/L3-suppressed coupling to Nr-state makes it challenging to extract its spectrum

In certain 3pt functions (matrix elements) , ChPT suggests Nm-state contributions are enhanced and

compensate for the 1/L3-suppression

a@
relevant for Gp(Q%)

T

Jang et al., [PNDME 2020]

Park, Gupta et al., [NME 2022]

Scalar operator
relevant for g?’d and g,y = mygget?

=
N N . N
Gupta, Park et al., [PNDME 2021] 16



Nucleon scalar charge

g 5+d Excited state (ES) effect

/ Standard analysis___ \ o Nm-motivated ES analysis _\

M, = 1.6 GeV

15}

-10 -5 0 5 10

a~= 0.09fm
M, =~ 135MeV

[PNDME] Gupta, Park et al., PRL 127 (2021) 242002

] N(1D)r(—-1)
15 [ 1 or, N(0)m(0)m(0)

| gives M; = 1.2 GeV

-10 -5 0 5 10

2 d 2 _
\ OnN = mlg}s“d ~ 40 MeV, — doF = 1.anN = m195+ 60 MeV, _f = 1.2 /

[PNDME Collab.]

Scalar is sensitive to N1t state

Result is consistent with the phenomenological determination
17



Axial Channel: large N1t excited-state (ES) effects

There are 3 axial form factors G4, Gp, Gp
Must satisfy the PCAC relation: 9,4, (x) = 2P (x) where i = Z,myqZpZy "

Applied to nucleon ground state, it relates the 3 nucleon form factors

Gp(Q?) @  Gp(@%) 2m _
GA(Q2) 4M2 ' GA(Q2) 2M
Standard analysis - Nm-motivated ES analysis
1.0 1.0 27 VOT Y4 :‘}‘:"“f."..’“, \':4:::""\,
2 @é é D % é Y
O ® &1 1D @) _
o %% %% ‘%‘% N Ea o < 4% disagreement
0.8} {ﬁ 1 - 0.8} -
1§ aowdisagreement  {emS ) L RS
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
Q? [GeV?] Q2 [GeV?]
18
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Neutrino Oscillation Experiment

» Differential cross-section: (\
do
402 « f(Q? [VFF], [AFF],--) NEUTRINO
Vy (V) e (e)

* Weak interaction (V-A): Low statistics

* Vector form factor (VFF): Gg, Gy,
- high-statistics electron scattering experiments

» Axial vector form factor (AFF): G4, Gp, Gp
—> Lattice QCD can provide direct first-principles
access, can help constrain neutrino cross sections
over a range of Q* 2 5) _
- require a complete parametrization of G4(Q%)
(e.g. z-expansion)

Quasi-Elastic (QE) scattering

19



Ga

Improved determination of G 4 on the two physical pion mass

ensembles

PNDME 24’ PRD 109, 014503

N ' ' | ' ' ' I ' ' ' | '
RQCD20’ -:z:: -
1.2 =0 NME22 —
Mainz22’ 1= |
I ETMC 24’ i
0.9 PNDME 24’
' a= 0 09fm (24) -
| S
0.6 -
0.3 __ vD R |
| | | I | | | I | | | | |
0.0 0.2 0.4 0.6 0.8 1.0
Q? [GeV?]

[PNDME Collab.]

Significantly Improved results
Park et al. [PNDME], in preparation

.
1 2 A\
’
’
’
,

T I T ] ] T
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B

0.4 0.6
Q*[GeV?]
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N1t: excited-state contamination
in nucleon matrix elements
—> a signal in hadron spectroscopy

Multi-hadron spectrum in a finite box



Multi-hadron systems are computationally challenging

* Factorial growth of Wick-

contraction permutations with
the number of quarks
 “Distillation”: spatial space
- Ng;4 Laplacian eigenvectors
- tensor multiplication with
t t’

multiple distillation indices
—> cost grows as a high power

. . OfNeig
() : (b) ¢ L (c) :

[J.Chen, R.Edwards, W. Mao, PASC '23: Proceedings of the

Platform for Advanced Scientific Computing Conference]
22



. Ph
Towards nucleon scattering at M~

using Exascale computing on El Cap

S

Itan

* Our new GPU-based code, transforms our nucleon-nucleon studies from not being practical
to tractable with a 240x improvement in required-node hours from latest

CPU-GPU architectures. [Park et al., arXiv:2510.26313 Entry to the 2025 Gordon Bell Prize competition]

4 | : 103 E 1 1 1 1
3x10%r é ! F B chroma_laph (CPU)
H 1 @® quda laph .
S 100 | ! . 107 A quda_laph with batching 1
x i : |
@ & ! £ 10 °
o 1 ©
£ | S J~240x 2
el | BRI 2 P
[ % :
1
| 1o 2 o o et o®
1 . R .
6x 103 | X Max I ?(0(\’(_6;\ C a@\‘% (0(\’(.\66(\ ((\\)’(S-% \)Q\‘e’ P\\Q
- @ Mean + sdev $ °
512 1024 2048 4096 8192, 16384 Comparison of the previous state-of-the-
Nodes T art (red) with some of today’s exascale-

Single batch run using the entire
[CosMoN Collab.] El Capitan system (~11,000 nodes)!

class supercomputers (blue/green).
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N — m scattering parameters from the Lattice

) - — — — — -4 - - - - - -

— e -y - e e - e -
& o o 0 5 b o /
o o o o o
& o &

centre.eu/results/elementaryparticlephysics/the-d-
resonance-in-elastic-nucleon-pion-scattering

* Why study N — 1 scattering

e The N — m interaction is one of the most
fundamental processes in nuclear physics

* Phenomenologically related to the pion-nucleon
sigma term oy

* The study of A resonances and N — A transition
form factors which can play crucial role in nucleon-
neutrino scattering experiment

e Lischer’s method

Finite Volume Infinite Volume

Lattice Spectra Scattering Phase Shift
En(L,a) 6 (Ecm)
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A large operator basis is essential for multi-hadron
SpeCtrOSCOpy: N—N Example for deuteron (I = 0) at rest

1.0
o
0.9 ™
: x
m 0.8
L B
=
§ 0.7 W N "
= w M B
~m 0.6 x R
g S ——— I SRS - - g e o
S ! - Ao
&€ 05 . % za__,__;__x__; ___________
L
047 No convergence!
Unable to obtain the spectrum
B3+
0 2 4 6 8 10 12 14 16 18

Unimproved nucleon operator

[HadSpec Collab., R.Edwards, A.Jackura, SP, C.Thomas]

(Noninteracting
Spectrum)

N(3)N(-3)

N(1)N(-1)
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] %
1
X
o
s g
|
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xxii .
------- ;:"*‘;ggii'ﬁ'i3‘;;‘;‘3““"“-""““
- * IEEEITY
I x;____________::ijiﬁjLﬁlLﬁéLAv____
_ " %
xxx::x::x!xxx Iiiii
Converges at earlier t;
......... Able to obtain the spectrum
0 4 8 12 16 20 24 28

Improved nucleon operator obtained by solving
the GEVP (Generalized Eigenvalue Problem) over

a large operator basis.
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Summary: take-home messages

* Precision nucleon structure
High-statistics, physical-pion-mass, fine-lattice calculations are
enabling precision nucleon charges, moments, form factors and etc.

* Excited states matter
Low-lying N1 states can strongly affect nucleon observables:

o,y from ~40 - ~60 MeV, PCAC violation: ~40% =2 <4%

* Multi-hadron
Resolving low-lying N states with multi-hadron operators is an
essential step toward quantitative studies of scattering and
resonances.

e Outlook:
Extend this framework toward nucleon resonances and more
complex/exotic hadronic systems.
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