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SciDAC-5 partnership - ASCR & NP

Three main themes: w7 . W
. . couple A[S]

o Gauge-field generation OERG
- Use ML and hierarchically structured sampling A N

- Impact - radically increase fidelity and statistics of calculations
- Partnership with FastMath

gi_l (2)

e Analysis
- Linear system solvers and many-body correlation function computations

- Impact - extract ever more sophisticated physics processes
- Partnership with RAPIDS & FastMath

e Changing computational landscape
- Code-portability and development for new hardware architectures
- Impact - utilize advanced capabilities of Frontier, Aurora, Doudna & Discovery
- Partnerships with RAPIDS & FastMath
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Publicity and useful repositories

Website: https://lgcdscidac.github.io

' SADAC (scr/Np LQCD SciDAC Project

through

dvanced Computing Advancing lattice QCD algorithms, software, and science for leadership-class computing.

@ About SciDAC Highlights People Publications

o

Under SciDAC-5
> 60 Journal articles
> 15 Letters

Gratuitous plug?’
https://usgcd.github.io

USQCD: All-years totals:
Publications: 4513

Citations: 205960
arXiv search: author e USQCD_members AND category=hep-lat.
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https://usqcd.github.io

Science

« Fundamental Discovery:

- Advancing first-principles calculations of hadron spectroscopy, hadron structure, and
nuclear structure to reveal how the strong force builds visible matter and to provide
new pathways for discovering physics beyond the Standard Model.

e Science and Technology Innovation:

- Developing scalable algorithms, portable software, Al-enabled analysis, and integrated
workflows that turn leadership-class computing into sustained scientific capability.

e National Scientific Capability:

- Providing essential theory support for major experimental programs, extending the
scientific reach of DOE computing facilities, and training the next generation of
computational nuclear scientists.
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Science drivers

QCD calculations connect experimental programs to the quark & gluon dynamics of matter

Hadron spectroscopy 3D femtoscale imaging Nuclear structure

Predicting dynamics of particles Understanding the quark/gluon Precision nuclear & neutrino
and resonances structure of matter from QCD observables
[ Spectroscopy ] { Femtoscale Precision / BSM
imaging
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Connection to Experimental Programs

Maximizing discovery potential of next-generation experiments require QCD input

aE | = The Electron-lon Collider
ﬁ’l t__'l i A machine that will unloek thaseetets of the strongest force In Nature H LU i
{ /)

HL-LHC PROJECT -

[ ] ¥ 01@3} =
Jefferson Lab DUNE / LBNF Electron-lon Collider HL-LHC
Hadron spectroscopy Neutrino interactions 3D nucleon & nuclei High-luminosity
& structure structure frontier
Precision inputs Data movement Automation
QCD results for nucleon / QCD data is large (many QCD workflows are complex
nuclear properties are key PBs) and reusable for opportunities for automation
inputs for experimental multiple applications
success
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Challenges

Workflows span capability machines, capacity clusters, & user-intensive analysis steps

‘@ D\
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leadership capability computing
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SciDAC 1-5 has been crucial at advancing all stages of the pipeline
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(Meson) spectroscopy

“pictures” “reality”

0 conventional e.g. f,(980)

e meson

O
% O =

Can we establish connection?

00 hybrid meson Iy - ¢ar |
e BES Il (2005)
a meson-meson +
0 0 molecule {
© "
}
++++++ ¥ ++H+* 4
9 +”+”++* e ++++m“
g glueball T | |
9 | 0.5 1.0 1.5
+ other suggestions ...
Realm of modeling Measurements of stable hadrons
connection to QCD unclear connection to QCD unclear
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Renewed motivation - the XYZ explosion - tetraquarks?

20th century

21 st CentUry

'!effé?son Lab
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Charmonium resonances from coupled-channel QCD

First comprehensive calculation:

First LQCD determination of scalar and tensor
charmonium resonances with all relevant coupled two-
meson channels included.

A surprisingly simple spectrum

One scalar & one tensor resonance; no proliferation of
extra states despite the many experimentally observed
XYZ candidates.

Enabled by SciDAC

Automated graph evaluation developed with the SciDAC
RAPIDS partnership, together with scalable correlation-
function workflows, made the coupled-channel
calculation possible.

Experimental impact:
Charmonium spectroscopy is an intense focus at
experiments worldwide.

The experimental spectrum is crowded; the underlying
QCD resonance content mav be considerably simpler.

DOE highlight; Editor’s Suggestion

Phys.Rev.Lett. 132, 241901 (2024); Phys.Rev.D 109 (2024) 11, 114503;

arXiv:2602.09862
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Charmonium resonances - pion mass dependence

(mp/kpp)tandpp

. . arXiv:2602.09862
Follow-up paper - studied pion mass dependence
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i w(4415)
(Ecm — 2mD)/MeV _Y(4390)
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=Y (4230)
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i e e ne
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S-wave amplitudes -

all intersect DD S-wave amplitudes show no signal for

virtual/bound states near DD

The result suggests that production &
decay mechanisms—not simply
. | additional resonances—may be essential
—0.2 —0.1 0.0 0.1 0.2 0.3 . . .

B2 /GeV? for resolving the experimental picture.
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Charmonium radiative decays - probe of structure

Transitions provide a probe of internal structure

JIy = ynn’
400_ r r rrr 11 1 =
—~ [ 2 — 7
e The electron positron collider at BESIIl has <, [ x/dot +ifa7 i
produced a large amount of charmonia > 3001~ 1 | o ~
o > | W 3
- ~10 billion J/y decays © Lok # 1 ((1es9) h
> [ . - )
- -3 billion y(3686) decays % R 7 P\ it rojection (baceine
100 ‘ -
- Clean, gluon-rich production i - ' )
= 3 '> - ‘ -
« Recently BESIII found an exotic hybrid olLi s L fnesia.
isoscalar resonance in the radiative decay ,
M) (GeV/c?)

Jhy — ynn'

Observation of an Isoscalar Resonance with Exotic J©¢ = 1~1 Quantum Numbers in
J/ — ynn’

BESIII (2022) PRL 129 192002
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Charmonium radiative decays in lattice QCD

c T qwds)
How do we calculate such decays in lattice QCD?
Jhy ,h,,... n
- three-point functions: (O | @”(&)@},(t)[@%(O)]T |10)
C q

Challenges:

e Disconnected diagrams (noisy!)

- Need to access both the # and 1’ -
1000 + 5/ s
e Requires distinct light and strange quarks (Nf =2 + 1) _ 7
« 1" & h, appear as excited states
: _ ~ -
o Large mass gap: My, — M, X 2.4 GeV 500 |
e Need operators at large momenta for all mesons to access
real-photon point Q% = 0 0~

Rely on “Distillation” method (SciDAC-2 & 3)
.{effé?son Lab 5



Charmonium radiative transitions in lattice QCD

State of the art in 2006

QZ

PHYSICAL REVIEW D 73, 074507 (2006)

Radiative transitions in charmonium from lattice QCD

Jozef J. Dudek,* Robert G. Edwards, and David G. Richards

Jefferson Laboratory Mail-Stop 12H2, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA
(Received 17 January 2006; published 20 April 2006)

Radiative transitions between charmonium states offer an insight into the internal structure of heavy-
quark bound states within QCD. We compute, for the first time within lattice QCD, the transition form
factors of various multipolarities between the lightest few charmonium states. In addition, we compute the

Heavy quarks + no 075 2 s B
annihilation = 4L 5o i
clean signals T TA ]
-1.25 — 4 T o temp. p;=(100) M, o |

a B I o temp. p;=(100) JAygn| T

<§' 15 i r o spat. Pe= (000) e snk. —-

175 - spat. py= (100) Mg gpy _

- o spat. p,=(000) JAyg,,
2 _l spat. p;= (100) JAyg,,

i = C.Ball phys. mass |
» C.Ball lat. mass
2.25 [~ * "00"phys. mass 7]
i *  "0¢"lat. mass )
25 1 . | . | A R B
0 1 2 3 4 5 6
Q? (Gev?)
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Charmonium radiative decays in lattice QCD

are challenging

c cyfc

Jhy u,d, s

@ Provides insight into gluonic interactions
n

annihilation =
noisy signals

Multigrid solvers & GPUs (SciDAC 1-5, FastMath)

Distillation & contraction methods (SciDAC 2-5, RAPIDS)

.geffé?son Lab 17



Constraints from symmetries

Wigner-Eckart theorem relates each matrix elements to a reduced matrix element:

Ik A7 * T
o @0 M - jatam - 1QIPYM o) = ¢ ({pYiAm: (DY A5 ahqpy) - C{P'} A ahy; {PYA)

—_—

Combinations of all Clebsch-Gordan coeff. reduced correlator
* allowed lattice rotations of the momenta

* rows of the irreps

Provides additional constraints - well suited to Distillation

SciDAC-5

Techniques broadly across hadron physics...

J)effe?son Lab 18



Jlw — yn© radiative decays

1748 correlators

JIy — yn

J)effé?son Lab

W-E avg. & fitting

Solve for FF
at each 0?

276 MatriX elements | s——— 70' Q2 points

#n,=[000 & n,=[100 ¥ n,=[110 ¥ n,=[111] X n,=[2000 ¥ n,=[210] & n,=[21])

H{,__

Ly

0.003 E '%

0.002 & )

-03  —-0.2 —0.1 0.0 0.1

t gl
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}} H }% % ¥§g ! iiiiikz Xy v Exme g a
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{ i { {{ { 0.005 . . '
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RIEE

ﬂ%%ﬂ Y %}ﬂi!x A T ]

xEg

High-momentum
operators are
essential to reach

0> =0

—2 —1 0
Q?%/GeV?
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h. — yn® radiative decays

Has an electric dipole EI(QZ) and longitudinal Cl(QZ) form-factor

h, = h, = yn'

¥Fn,=01100 ¥ n,=[11] X n,=[200 ¥ n,=[2100 & n,=[211] F n,=[220] n,=[221] @ n,=[300] 0.100 - M n, —00c] ®n, —[100] #*mn, —[110) ¥n,-0111] Xo,-[200 En,-po] Aay -1 HAn, -2 £, -[21] & n, (300
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] fn,=0110 ¥n,=0111 Xn,=[200 ¥ n,=[2100 A n,=[211]] Fn,=[220 n, =221 ¥ n,=[300] Bo, =00 Bno,=0100 Fn,=[10] ¥Tn,=[111] Tn,.=[200 En, =020 &Any,=[11 Anx, =2 ny =[] & n, =300

0.04 ﬁ 0.92- } }
& 0.02 f{i : o O { t o ;
S F f} 1A S s b
5 ¥ H 8 ) i i S ) r”iﬂ e e 13
© t 'é‘& ﬁg{: }zi + F : © 00 | % % St T .

0.001 { }— | {
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Comparison with BESIII results

Jhy — ynV h, — yn"

- . m, ~ 391 MeV 0.0100 o ~ 391 MeV
T >
> | =0.0075- 1 0.04
o (0.010 / ~ <
@, J/Y —yn £ =
> T ¥ ¥ ¥ ¥ . N I E < 0.0050 T x’xg X X'QJ\ 2 Q,%l’v S/
= & 3 se 2T 7 0021
= 3 116 [ 3] R R
= 0.0051* = —0.0025 1 ¥ )
=< . —
sV
2 T =am 0.0000 T o L 000
] = ===+ % =z 5 LA LLAASEE
2 RRRREESEy
M )
OOOO ' C_I'j ' ' CYlD T T ql) ;_‘ l N N N N )
20 LELeegEE
A g3 8 855 ¢ 0.020
M o, O O % ' My ~ 391 MeV
N N N e I -0.10 =
. . . —=0.015- K
Discrepancy with experiment = 9 o 2
& 197 458 46 NSRS =
vacuum topology? light quark mass? U(1), anomaly? %ﬂ_‘o-om‘ I Y s
= T
=0.005- <
Future - lower pion masses =
0.000 — ——————————————().(0)
PHYSICAL REVIEW LETTERS 135, 161904 (2025) - QAT A % 3 B
n and 7/ Production in J/y Radiative Decays from Quantum Chromodynamics N % '—? % '—? % % 9‘-‘ 8 v
E 2 RARYPTE TR
PHYSICAL REVIEW D 112, 074505 (2025) N N N N ,_8

1 and 7/ meson production in J/y radiative decays from lattice QCD
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Extensions of the technology

Compute scalar and tensor resonance production

Jly = vy (zr,KK, ...)

16k: 7”r|s .

25k — !

10 12 14 16 18 20 22 24
fo(1370) —m . 5

T s ) Gev

.geff.é?son Lab

Jo» J> resonances previously studied in
coupled-channel scattering using LQCD

PHYSICAL REVIEW D 97, 054513 (2018)

Isoscalar 7z, KK, 7m scattering and the 6,f,f, mesons from QCD

Raul A. Bricefio,"*" Jozef J. Dudek,*" Robert G. Edwards,"* and David J. Wilson**

(for the Hadron Spectrum Collaboration)

[000] E*  [000] 75" [100] By  [100] By
\u§ \\ ' o % \ \\ﬁ
13 \% | % % E \?- | T
: % S I Nl e
o B o = = 3 %
i g0 = [& i %
o
o2y
E ....................................................
‘ -ll6 2IO 2I4 -ll6 2IO 2I4 -ll6 2IO 2I4 -ll6 2IO 2I4
L

Pipj|?fij\2

Build up systematically toward computation of

hybrid/exotic J/yw — ynn'.

Goal: reveal gluonic structure

1F JP — 2—|—
0.8} my = 391 MeV
0.6+
04}
T — T
0.2 KK — KK
A ! 1 — KK
800 1000 1200 1400 1600 E., /MeV
O| ] C)_CI ] b ] m
501 125 R
-100 . EKF 92%
150L f2|§I Tr 8%
-200 s T 85%
NS KR 12%
]PC — 1—+
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Coupling resonances to currents

y yK — nK ete” > nr ke m—oen
T
K
K
0*=0
| f=(s)]
02 = 0.36 GeV? 197
?=0.72GeV* )
0 ¢ S L e—
0.8 .
850 900 950 1000 E_. /MeV ;|
/\\\H‘ K 100 -75 50
| 850 960 950 00
0
JP = 1= K* resonance appears b
J" = 17 p resonance appears
M, ~ 283 MeV m_ ~ 283 MeV
PRD 106, 114513 (2022) PRD 110, 094505 (2024)
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3-body decays

e Building to cases like nucleons

e 3-body formalism

.geffé?son Lab
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3-body - an old Problem!

2L R r _ aas

HE® BR —‘1

b 1
/’ \
A [W—y o

b & — - [ .| [E——1

3800Y 1N 350
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Progress with 3-body scattering

Two contributions to amplitudes

o Simplified 3-body formalism

- Finite-V energies used to constrain 3-
body (& 2-body) K-matrix
parameterizations

- Integral equations relate to physical

amplitudes
Here, £ =5S=J=0

e lIsospin= 3 nxnx

.{effe?son Lab 26



Progress with 3-body scattering

o Simplified 3-body formalism

Finite-V energies used to constrain 3-

body (& 2-body) K-matrix
parameterizations

Integral equations relate to physical
amplitudes

e lIsospin= 3 nxnx

_M

Finite-volume energy levels

ntatat

\[111]
\\

20 24 20 24 20 24 20 24

L/as

.{effé?son Lab

Two contributions to amplitudes

K’
MM,S,m(_@_ @ \ /
AR ) M, Sim’
k

—

E,JF

Here, £ =5S=J=0

3-body amplitudes (Dalitz plot)

7.5

7.0 7 % 108
6.5
8
~k 6.0 5 x 10
g
~—
@ 55
g 3 % 108
5.0
4.5
1x 108
4.01
40 45 50 55 60 65 70 7.5
HADRON SPECTRUM: PRL 123
EDITOR’S SUGGESTION
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3-body with 2-body intermediate resonance

e Development of full 3-body
formalism

- Lattice Finite-V energies used to
constrain 3-body (& 2-body) K-matrix
parameterizations

- Integral equations used to relate to
physical amplitudes

e lIsospin=2 pxand nnxw

e Full/general formalism including
intermediate subsystems

Future: 1=0 & 1 heavy/light quark systems

M. . [m,

.geffe;?son Lab
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Accepted in PRL (arXiv:2510.24894)

K5 Unsymmetrized amplitudes
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Spectroscopy underpins structure & discovery

Hadron spectroscopy

Resonance spectrum &
dvnamics

3D femtoscale imaging
Quark & gluon structure

Nuclear structure

Precision nuclear &
neutrino observables
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Spectroscopy underpins structure & discovery

Hadron spectroscopy

Resonance spectrum &
dvnamics

3D femtoscale imaging
Quark & gluon structure

w f GeV

Nuclear structure

Precision nuclear & -
neutrino observables

PRD 83 074508 (2011)
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Example: neutrino interactions

A»l

my = 396 MeV

Excited state baryon spectroscopy from lattice QCD

SciDAC-2: first glimpses of the excited baryon spectrum

>

Resonances are essential inputs, not merely final states

_ First-principles - determine masses, widths, couplings, & transition
 amplitudes needed to interpret scattering and decay experiments

Resonance properties feed directly into calculations of hadron structure &
nuclear response, reduce model dependence in searches for new physics.

For DUNE, axial form factors of the nucleon & transition form factors with
Delta resonance required to describe neutrino-nucleus reactions

Without controlled resonance information, uncertainties in strong-
interaction physics can obscure the extraction of neutrino properties.

m
@
8

-
.

SciDAC-5:
resonance
masses, widths,
couplings, and
transition form
factors

N
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Hadron structure underpins the EIC & HL-LHC

Parton structure is an essential input to discovery science

First-principles calculations of hadron structure determine partonic content of
proton - provides theory constraints on PDFs & related observables.

Hadron spectroscopy Required to interpret precision measurements at both the EIC & HL-LHC.

Resonance spectrum &
dvnamics

EIC: revealing the proton in 3D HL-LHC: precision tests

« PDFs/TMDs/GPDs « PDFs are a dominant
map quark & gluon theory uncertainty for
mom., spin, and . , key benchmark
spatial structure g /\ 3 A processes

) :;QCDhSUpFL“es # N [#w )\ « For some flagship

) _ enchmar . Jom observables, PDF
3D femtoscale imaging moments, matrix ' ‘ uncertainties account
Quark & gluon structure elements, & for ~90% of the theory

nonperturbative uncertainty budget

Low [ iigh constraints « Better hadstruct
Parton dnsiy » Precision theory strengthens SM tests &
sharpens the new-physics sensitivity
interpretation of EIC
measurements

SciDAC-5 provides the algorithms, software, and workflows that
Nuclear structure make precision hadron-structure calculations possible at scale.

Precision nuclear &
neutrino observables
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Nuclear structure underpins the EIC & DUNE

Precision nuclear structure essential to EIC & DUNE

First-principles calculations of nuclei determine nuclear structure, response
functions, quark & gluon distributions in nuclei, & electroweak matrix
elements needed to interpret precision experiments & constrain new physics.

Hadron spectroscopy

Resonance spectrum &
dvnamics

Nuclear structure: from nuclei to quark-gluon distribution

Nuclear quark and
gluon distributions

—
s—
——-d?|

e s‘ |

3D femtoscale imaging
Quark & gluon structure

e
Soe
Sea,
.
.
e,

X 10° 10?10 1

Precision many-body calculations reveal nuclear structure & response
Nuclear quark & gluon distributions connect nuclei to QCD
Support interpretation of scattering & electroweak observables

SciDAC-enabled algorithms, software, and workflows are building
Nuclear structure the capability for precision nuclear theory at scale.

Precision nuclear &

neutrino observables
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SciDAC-5 is a partnership

e Strong partnerships with FastMath & Rapids, and ASCR/NP supported community

e SciDAC a huge boost for LQCD & NP

- present science was not possible 10 years ago

- fresh perspective on entire program

 |Is significantly impacting our calculations
- huge advance in gauge generation - accelerated our science campaigns
- accelerating analysis campaigns on leadership & local resources

- better tools for (more easily) improving performance

R SciDAC

8 Scientific Discovery
Yy through

Advanced Computing

Jefferson Lab 33



