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What are the science drivers?

] Can we quantitatively understand nuclear physics from the fundamental degrees of freedom?

deuteron

3-D nuclear charl

0, wad

P - =~

Does strange matter play an important role

In neutron stars? % -
@ \ L === -"" AA, E Hypernuclei
‘,-,:Z‘ g :'3./;, £ Hypemuciei
7 o B

opportunity to work with NUCLIE+ENAF i

slide: Xian-Rong Zhou



] Precision and fundamental symmetry tests ot the Standard Model ot physics
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v — A Interactions

[ Impertect analogy
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] “evidence” of supersymmetry was in

DEEP UNDERGROUND

EXPERIMENT fact QCD jet physics
Event rate - POWER DECEITAND THE
Neutrino fII_Jx R(X) = /dE ®(E,) x 0(E,, %) x (%) xP(Ey;va — v5) ULTIMATE EXPERIMENT
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Oscillation probability

1 Challenges with all these pieces, but as theorists, we’ll focus on the
cross-section
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[ Single nucleon response

Nucleon response

=

0 Quasi Flastic (QE) Region

Blatic o “On-shell” mitial neutron and final proton
* R (nuclear eftects keep the nucleons shightly oft-
'/ N* DIS shell)
,L" Nucleon
— N - [J Resonance (RES) Region
struck nucleon resonates inelastically
W = Ly — ) [ decaying by emitting a pion, photon (multiple

pions) which can strike other nucleons or
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d*“Nuclear” Response

Nucleon response

O Nuclear Excitations

J Quasi Elastic (QE) Region
T'he nuclear QFE response 1s smeared out from
Fermi motion of the nucleons

NV

% hadrons

] (2-particle 2-hole (2p2h)

3 GR ~ — LLeading many-body nuclear corrections (2-
;5 L — K Nucleus body currents)

[0 Resonance (RES) Region

struck nucleon resonates melastically

decaying by emitting a pion, photon (multiple
pions) which can strike other nucleons or
escape the nucleus

[J Deep Inelastic Scattering (DIS) Region
T'he neutrino strikes individual partons in the
nucleon



v — A Interactions

] It’s worse than that...

Free Initial Nuclear Extra Nuclear Fina.l State
Nucleon State Effects Interactions (FSI)

R(X)= [ dE ®(FE,) X o(F,,X) X X P(E,;vs — vB)
1 Final State Interactions (FS]) really “gum up” the modeling of the nuclear response
[J Outgoing particle content does NO'I 1solate what particular interaction has happened 1n nucleus

[ Modeling uncertainty of the nuclear cross section injects uncertainty into the extraction ot P_ . parameters

] Can 1t be controlled? We want to provide robust predictions of pieces of interaction — reducing space of
parameters that require modeling, thus reducing uncertainty
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zero-momentum sink (p=0), non-zero momentum transfer (q70)
source has momentum -q by momentum conservation

>IN
e NS
T X% | & = o e .
N = S oxOXON() N S - T 5| 9% e
. @ == = Ny N 0 ﬁgiﬂ
= A KT _ 9§ ar = .
! > I
W s = = - '
-k ey | '
—_— T ) C\]
2 -d.e o
S = 5
& T
S .} i
e = E
F—y F
(@]
N o\
5 - IR
= i =
[@\| k B
. \—/ N
L0 . B
I I i I
& I - S
(@]
o8 Res
S S
& N
S < < :
om <‘:: 5 »
OQ ﬂ: )
o)
(@]
A (@
3 3
i =
= N
- :
& &
c\]n 1l D
- o
S S
(@
< &
OQ ﬂ:
SN

12111.06333

ga(@”) a’=10-(21/L)* §a(Q") a’=4-(2r/L)’




LOCD: Single Nucleon Axial Form Factor

Meyer, Walker-Loud, Wilkinson

Ann. Rev. Nucl. Part. Sci. 72 (2022)
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This discrepancy impacts the ability to
interpret neutrino oscillation parameters

Some of this uncertainty comes from
nucleon electromagnetic form factors

] Lattice QCD determination of Fa(Q?) 1s inconsistent with older phenomenological extraction

O results 1n 30% 1increase 1n Y-NN cross section

[ New MINERvA measurement of vN with hydrocarbon lies between LOQCD and vD

Nature 614 (2023)



LOCD: Single Nucleon Axial Form Factor
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LOCD: Single Nucleon Axial Form Factor

Meyer, Walker-Loud, Wilkinson
Ann. Rev. Nucl. Part. Sci. 72 (2022)
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Call.at analysis 1n progress
B L=

(0What is required to finalize the lattice QCD results?
1 All lattice calculations are performed with the same strategy

CJuse different ¢, — £ uce SEParation to understand and model

excited state contamination
<N(tSink’ pf i O) ‘]/I?(T’ q) ‘N(tsourcea D= q)>

[dNo calculations are/can be performed with large enough

[

sink

==/

ource L0 1gnoOTE excited state contamination

1 We need a new strategy that has a different dependence
on excited states

] Enable momentum-space creation operators
<N(tsink9 pf) ‘];?(T, q = pf = pl) ‘ N(tsourcea pz)>

It also allows
(Alj,IN), (Nz|j,|N), (NN|j,|NN)

[0 See Barca, Bali, Collins, PRD 107 (2023) [2211.12278]



LOQGCD: Axial structure:

State of the resonance Field
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next steps

{ Indeed not!

Our pion production model uses
a description of resonance
production that is "naive and

obviously wrong in its simplicity”
[Feynman, Kislinger, Ravndal PRD3 (1971)]

NEW YORK TIMES BESTSELLER .;‘

“SURELY
YOU'RE JOKING,
MR. FEYNMAN!”

=

My : '”"'

i 'l trust some bright motivated
i physicists will fix this soon”

T
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[d Current models are unsatlsfactory
1 Simplistic description of neutrino-nucleon interaction

[ Unsophisticated description of the nucleus

J

Heavy reliance on old data (experiments shut down)

J

~10% uncertainties on effective parameters at best

[J insufficient for precision goals of DUNE

(C. Wilkinson, private communication) 12



LOCD and EF1 for v — A (and other interesting NP problems)

O Quantitatively understand the emergence of nuclear physics from the Standard Model (SM)
and predict matrix elements needed for BSM searches Many-Body Theory

) J . V . . .
? ), ANy efficient calculation
> 29 Os :

RS exact or approximate

Many Body Naclear Methods] GFMC, IMSRC,
Shell Model, ... NUCLEI-ENAF

Nuclear Observarbles
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two-nucleons (pions)

(fig: C. Drescher)
O LOQCD to map out convergence

pions, kaons,

nucleons, hyperons of baryon XPT (A)
LSt [d Need calculations w/ A

O (NN|j,INN)
quarks, gluons and lattices B Feed results into many-body NP
(M. Creutz) calculations — NUCLEI
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0.08 7 Seuteron NG enera _ LQCD Results with (deeply) bound di-nucleons
o euteron binding energy 2006 NPLQCD - first dynamical LQCD calculations of NN
0.02:— : T 1 ]
z - A
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a o
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[arXiv:2008.11160]

Estimated upper range of
validity of NN EFT
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0.0 LQCD Results with (deeply) bound di-nucleons
- 2006 NPLQCD - first dynamical LQCD calculations of NN
0.02F | 2011 NPLQCD Mz = 390 MeV
z -
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S

0.00+ *

) | —
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NPLQCD

[arXiv:2008.11160]

Estimated upper range of
validity of NN EFT
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0.03 ———— LQCD Results with (deeply) bound di-nucleons
- 2006 NPLQCD - first dynamical LQCD calculations of NN
0.02 2011 NPLQCD M7z = 390 MeV
. o 2012 Yamazaki etal. Mz =510 MeV

i 0.01-
S

0.00+ *

001 L
0.1

NPLQCD

[arXiv:2008.11160]

Estimated upper range of
validity of NN EFT
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0.03 ———— LQCD Results with (deeply) bound di-nucleons
- 2006 NPLQCD - first dynamical LQCD calculations of NN
0.02 2011 NPLQCD Mz = 390 MeV
. o 2012 Yamazaki etal. Mz =510 MeV

= o0l 2012 NPLQCD Mz = 800 MeV
q -

0.00+ *

001 L
0.1

NPLQCD

[arXiv:2008.11160]

Estimated upper range of
validity of NN EFT
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0.3 LQCD Results with (deeply) bound di-nucleons

o deuteron binding energy 2006 NPLQCD - first dynamical LQCD calculations of NN
0.02 T : - - 2011 NPLQCD Mz = 390 MeV
. - 1 - 2012 Yamazakietal. Mz =510 MeV

E T ' . el | e 2015 Yamazaki etal. Mz = 310 MeV

0.00+ *
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Estimated upper range of
validity of NN EFT
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0.3 LQCD Results with (deeply) bound di-nucleons

- deuteron binding energy 2006 NPLQCD - first dynamical LQCD calculations of NN
0.02- | T 1~ 2011 NPLQCD Mz = 390 MeV
. - I 2012 Yamazakietal. Mz =510 MeV
S ool g 2012 NPLQCD Mz ~ 800 MeV
E T Gl | = 2015 Yamazakietal. Mz =310 MeV
& " 2015 CallLat M7z = 800 MeV + P,D,F waves
0.00—
001 BEERL
0.1 0.3 0.4 0.5 0.6
NPLQCD
[arXiv:2008.11160] My /My

Estimated upper range of
validity of NN EFT
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Survey of lattice QCD results for two-baryons

0.08 ————F - Joutoron. T _ LQCD Results with (deeply) bound di-nucleons
i euteron binding energy 2006 NPLQCD - first dynamical LQCD calculations of NN
0.02F 2011 NPLQCD Mz = 390 MeV
. | 2012 Yamazakietal. Mz =510 MeV
= 001 2012 NPLQCD Mz = 800 MeV
E T 2015 Yamazaki etal. Mz = 310 MeV
& 2015 CallLat Mz = 800 MeV + P,D,F waves
00— . 2015 NPLQCD Mz = 450 MeV
| "~ 2020 NPLQCD Mz = 450 MeV
~0.01
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Survey of lattice QCD results for two-baryons

003r - e
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[arXiv:2008.11160] My /My

t

Estimated upper range of
validity of NN EFT

LQCD Results with (deeply) bound di-nucleons

2006 NPLQCD - first dynamical LQCD calculations of NN

2011 NPLQCD Mz = 390 MeV

2012 Yamazaki etal. Mz =510 MeV

2012 NPLQCD Mz = 800 MeV

2015 Yamazakietal. Mz =310 MeV
2015 CallLat Mz = 800 MeV + P,D,F waves

. 2015 NPLQCD Mz = 450 MeV

" 2020 NPLQCD Mz = 450 MeV

LQCD Results without bound di-nucleons (or inconclusive)

2012 HAL QCD Mz = 710 MeV
2012 HAL QCD Mz =469 — 1171 MeV
2019 “Mainz” M7z = 960 MeV
2020 CoSMoN Mz = 714 MeV
2021 NPLQCD Mz = 800 MeV

(blue = work | was involved in)
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Survey of lattice QCD results for two-baryons

0.03; LQCD Results with (deeply) bound di-nucleons
- 2006 NPLQCD - first dynamical LQCD calculations of NN
0.02F 2011 NPLQCD Mz = 390 MeV
. | 2012 Yamazaki etal. Mz = 510 MeV
= 01 2012 NPLQCD Mz = 800 MeV
E T 2015 Yamazaki etal. Mz = 310 MeV
; 2015 CallLat Mz = 800 MeV + P,D,F waves
0001 ~_ 2015 NPLQCD Mz = 450 MeV
| © 2020 NPLQCD M7 = 450 MeV
-0.01
0.1 . . . . .
NPLQCD LQCD Results without bound di-nucleons (or inconclusive)
erxv2008.11160  FEEE /My 2012 HAL QCD M7 = 710 MeV
_ T 2012 HAL QCD Mz = 469 — 1171 MeV
Estlmgte_d upper range of 2019 “Mainz” Mo = 960 MeV
validity of NN EFT ' 2020 CoSMoN Mz = 714 MeV
2021 NPLQCD Mz = 800 MeV

We now believe the bound state
results are not correct

(blue = work | was involved in)
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deuteron lblinldilnlg lehérgy
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[arXiv:2008.11160]
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Di-nucleons do not form bound states at heavy pron mass
J. Bulava, ..., A. Walker-Loud,

Phys.Rev.CG 113 (2026) 2, 024002 [arXiv: 2505.05547] Lditor’s Suggestion
2.0F

+T1g(Pt2ot = 0)
—8—A2E(P2, =1)

|| —8—A2(PZ, =3)
+E(Pt2ot N 3)
—8—A2E(P2, =4)
—4—A2B1B2(P2, = 2)
LOT mmmnaL Qe Potential

S5 0.05 0.10 0.15 0.20
2 7
Qm/ T

S=0ET0)

[ Resolves 15 year old discrepancy 1n literature

[J Shows equivalence between modern LOCGD methods for di-nucleons and

HAL QCD Potential method

[J Excludes a bound di-nucleon in the deuteron channel by ~ 76

[J Paves the way for di-nucleon calculations at lighter pion mass (m, < 280 MeV)
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Lattice QCD results for di-nucleons: going forward

Ba . { | CLs he
éb‘ o 1 OpenLat 1.0:— —— M. ~ 200 MeV
{  MDWE/HISO [ == My ~ 280 MeV
§ 20 - SC | MDWEF/CLS g7 M 2 10 MoV 6151
= ! }  MDWF t04/CLS = 0.10}
g 4 sm clov/CLS g > 0.05
P 10 - * | smclov 0125/CLS | 7 _ 2
. /{, - + E %l
= + - S 0.05
L=cos |
0 | | I I I I N sl n | | _
0-0 02 04 2 0-6 0.8 1.0 —025000 0.025 0050 0.075 0100 S e
a /fo ¢> | GeV?
O Large discretization errors observed in h-dibaryon 3 We are finalizing results with lighter pion mass
binding energy LLOQCD calculations points: m_= {200, 280, 714} MeV
(] Very dependent upon quark-action 1 At what m_ does the deuteron bind?
O MDWEF - quark-action that preserves chiral (1 First quantitative comparison to NN EF 1
symmetry (to high degree) has small corrections — Connect with NUCLEI ScaiDAC
O In preparation O In preparation
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MDWTF are more expensive (O dimensional) — but really?

[0 When all costs taken 1in aggregate, are MDWF fermions really more expensive for nuclear physics
applications?

OO MDWTF have smaller discretization errors: tewer and coarser lattice spacings for continuum extrapolation

OO MDWF are more compute intense: better load balancing of computations on GPU machines and more

wall clock time spent in highly optimized fermion solves (Grid, QUDA)
COMDWEF are observed to have smaller statistical errors than clover: tewer total computations needed

O MDWEF are simpler to renormalize: less postdoc years to cary out arduous renormalization, focus on
physics mstead

[d My eftort in this SciDAG 1s focussed on answering this question

157



MDWTF are more expensive (O dimensional) — but really?

(0 F,/F_as aprecision test of a new four flavor Domain Wall Fermion Action [2605.06560]
O New four-flavor (u,d,s,c) MDWT action (2+1+1) generated

[J Grid was used to make configurations (USOCD HEP SciDAC)

O QUDA used to perform “measurement” calculations

[ Perlmutter used to make 30 ensembles (15 months) — all of them now freely available via Globus

(NERSCG ERCAP - thank you Keith)

O F/F_2nd most precise LOCGD result — very scrutinizing
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MDWTF are more expensive (O dimensional) — but really?

(0 F,/F_as aprecision test of a new four flavor Domain Wall Fermion Action [2605.06560]
O New four-flavor (u,d,s,c) MDWT action (2+1+1) generated
[J Grid was used to make configurations (USOCD HEP SciDAC)
O QUDA used to perform “measurement” calculations
[ Perlmutter used to make 30 ensembles (15 months) — all of them now freely available via Globus

(NERSC ERCAP - thank you Keith)
O F/F_2nd most precise LOCGD result — very scrutinizing

m, [MeV]

600
® ao ®  aos ®  dog ® awp ® an 121 HH a05 HH a06 - a08 ¢ al0 - al?
500 This Work —— K
P [ ® 1.20
400 ~ .o ETM 2021~ —— —
i © 1.19 -
i o e £ | #
i e » 3 ius— CalLat 2020  +——— —
o P |
. . g ks {m .
e . . : iy FNALAMILC 2017 - .
> 1.16
? HPQCD 2013 - —— —
3 1.15 _ | | | | | |
{xpt—ratlo_nnIo_FV_ct_a4_PP} 119 1195 12 1205 119 1.195 12 1.205
0 - : ; - ; 1.14 FK / Fn FKi / Fni
0.05% 0.062 0.082 0.102 0.122 : : : . . .
q2 [fmz] 0.00 0.02 0.04 0.06 0.08 0.10 0.1

et = a*/(2wp)

[J Spectroscopy tests underway — then onto many new projects: K — n£v, N - Nr, A, NN, ...
19



Conclusions & Outlook

[] Personal benefits:
[ SciDAG has been critical for my research since SciDAC-I (eg. Ghroma software suite)
(] SaDAC-III (Gall.at) cemented a new lattice QCGD eftort/group at LBNL

[] Scientific benefits:

] Sustained development of optimized community libraries enabling efhicient utilization of

supercomputers — QUDA, Chroma, Grid, ...

] Lattice QCD has started making important predictions of single-nucleon properties
(1e tully extrapolated to physical pion mass, continuum hmat)

8As FA(QZ)a fi(x)a

[ We are on the cusp or making NN predictions at the physical point, as well as important inelastic

nucleon structure
NN(m, < 280 MeV), (Nz, A|j/|N), ...

] We’ve made significant progress exploring the use ot “chiral fermions” (MDWLF) tor applications to
nuclear physics problems — chiral symmetry 1s central to our understanding of low-energy QCD

20






