First principles structures
from hadrons to nuclei:
layers of effectiveness

James P. Vary
Iowa State University

ECT* Workshop on
“Next Generation ab initio Nuclear Theory”

Trento, Italy
July 14 - 18, 2025




Standard Model 1s the current starting point

for describing the fundamental
that brought the universe to the

| processes

present time

and can provide fusion energy for the future

This starting point defines our

“ab 1n1t10”’

or “from the beginning” theory of the atomic nucleus

Can we successfully proceed from that starting point
to explain/predict nuclear phenomena and use
discrepancies with experiment to reveal new physics?

Let’s begin by examining how we

can use QCD

to strengthen the predictive power of Chiral EFT




“Hejrarchy of first principles problems
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Starting point: QCD Lagrangian

Lattice Gauge theory

Hamiltonian Field Theory

Feynman Covariant Perturbation Theory

Covariant Wave Equations

Steps to set up non-perturbative
calculational framework

Make Legendre Transform

Select a coordinate system

Fix the Gauge

Eliminate dependent fields

Select basis for the fields

Quantize the theory

Select cutoffs

Evaluate/store Hamiltonian matrix

Solve for eigenpairs (mass states &
Light-Front Wavefunctions (LFWFs))

Solve for experimental observables

Specific selections for these applications

L --> T+ Energy-Momentum tensor
Light-Front coordinates & identify generators
Light-Front Gauge (A* = 0)

Dirac -> Pauli fields

2D HO + Jacobi Polynomials or DLCQ

Basis Light-Front Quantization (BLFQ)

Nmax, L Or K, Fock space limits
High-Performance Computers (HPCs)

High-Performance Computers (HPCs)
Matrix elements of operators with LFWFs




Dirac’s forms of relativistic dynamics [Dirac, Rev. Mod. Phys. 21, 392 1949]
Instant form is the well-known form of dynamics starting with x® =t =0

K=M", J = %SUk M, %= (+1,-1,0) for (cyclic, anti-cyclic, repeated) indeces
Front form defines relativistic dynamics on the light front (LF): x* = x%+x3 =t+z =0

p=2 POt ps Pt& (P P?), 2" 220 +% 2 (2',2%), B' = M,
Et =Mt Fi=M"

instant form front form point form

time variable t = 20 xT £ 0 + 3 — \/252 — 72 —a?
t

quantization
surface

Hamiltonian PH
kinematical j, E
dynamical ﬁ’ P
ehtion P =mvt (v* = 1)

Adapted from talk by Yang Li



Light Front (LF) Hamiltonian Defined by its
Elementary Vertices in LF Gauge

QED & QCD

I .

QCD



Discretized Light Cone Quantization
[H.C. Pauli & S.J. Brodsky, PRD32 (1985)]

U

Basis Light Front Quantization

[J.P. Vary et al., PRC81 (2010)]
(p(l};,x) = Zlfa (Ii,x)aa +f;(El,x)a;l
where {aa} satisfy usual (anti-) commutation rules.

Furthermore, f, (55) are arbitrary except for conditions:

d’k dx
Qr)2x(1—x)

Complete: > f, (ﬂﬁ)fj(ﬂ,x’) —167°Jx(1—x) 2(1}’L — Ei)B(x_x/)
For mesons we adopt (later extended to baryons): [Y. Li, et al., PLB758 (2016)]
- (’_ﬁ ’x) = (IEL /\/x(l - x))Zz (%)
¢, 2D-HO functions as in AdS/QCD

%, Jacobi polynomials times x*(1— x)’

—

Orthonormal: ffa(li,x)f;.(k

J_’x)




BLFQ
Symmetries & Constraints

Baryon number sz‘ =B

All J > J, states

1n one calculation
Charge Z% =0

Finite basis

Longitudinal momentum (Bjorken sum rule) le. = Z ' regulators

I I

Longitudinal mode regulator (Jacobi) ZZl. <

Transverse mode regulator (2D HO) Z(2ni+ m,

F
"Internal coordinates" k., = p,, —x.P, = Zl_c; . =0 /_\
i Preserve transverse

H—H+AH_,, <«
Global Color Singlets (QCD)
Light Front Gauge

< Optional Fock-Space Truncation >

boost invariance




Light-Front Wavefunctions (LFWFs)
TIERVEDS J i) (s AJ )| BB A

LFWFs are frame—mdependent (boost mvarlant) and depend only on the
relative variables: z; = pf /Pt k. =piL — Py

LFWFs provide intrinsic information of the structure of hadrons, and are
indispensable for exclusive processes in DIS [Lepage '80]
» Overlap of LFWFs: structure functions (e.g. PDFs), form factors, ...
» Integrating out LFWFs: light-cone distributions (e.g. DAs)

“Hadron Physics without LFWFs is like Biology without DNA!"
- ; J — Stanley J. Brodsky

GTMDs

y* oD - LR
P.E T /deL */d koL A hY kJ_HTJ_,AJ_(-)bJ_,
P — - —
TMFFs by =7 — R,
TN;DS/ \\GP*DS [Lorcé & Pasquini '11] k*=xE

+
TMSDs FF's P
PDFS

\+

charges hadron tomography




BLFQ Basis States

» BLFQ basis: expansion in Fock space beyond the valence sector

|Bmeson) = 199) +1qqg) + lgg) + 1qq qq) + 1qq 99) + lqq qq g) + |qqqqgg) + -
|Bbaryon) = 1999) + 1qqq9) + lqqq q9§) + 19q9q 99) + laqq 93 g) + 19999399) + -
|Bdeuterium) = 1999 999 + laqq qaq g) + lqqq qqq qq) + 1999 qqq gg) + -+

» Dimension of basis states increases with number of Fock sectors

Dimensions
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=> motivation for quantum computing

10%.

Parton Number
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Current approach to Full BLFQ
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Fock Sector Decomposition
|Poaryon) =|999) + 19999) + lqqquu) + |qqqdd) + 1qqqs3) + lqqq99) +1999999)

lggq gg) ~ 6 color singlet state Leading Fock sector
lqqq) ~ 46.49%
1 singlet ® singlet
Next next leading

4 octet ® octet Fock sectors . '11
lgqq uu) ~ 0.15% ’ A
1 decuplet ® octet ® octet lgqq dd) ~ 0.17% /

. lqqq s5) ~ 0.18%
|qqq 9g9g) ~ 22 color singlet state| |qqq gg) ~ 4.92%

lqgqq ggg) ~ 0.94%

2 singlet @ singlet
Next leading Fock sector

16 octet @ octet lqqqg) ~ 47.15%

4 decuplet ® octet @ octet ® octet

0.5GeV 0.40GeV 0.6GeV 2.5GeV 2.0 0.6 GeV 3.0 GeV

Truncation parameter: N,,x = 7 and K, = 10



Unpolarized Parton Distribution Function

» Parton distribution functions with five Fock sectors
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Qualitative behavior agree with experimental results

Endpoint behavior improves with |qqqgg) and |qqqggg) Fock sector included

Five-particle sector contributions are small due to Fock sector truncation (no
1999 99 9)),

Preliminary results

All results at the initial scale
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Sample of next steps for BLFQ & tBLFQ

Improve the BLFQ basis to include chiral symmetry breaking

Y. Li and J.P. Vary, Phys. Letts. B 825, 136860 (2022)
Y. Li, P. Maris and J.P. Vary, Phys. Letts. B 836, 137598 (2023)

Increase the number of dynamical gluons

Include more sea quark pairs

Address the proton spin puzzle

Investigate exotic systems: glueballs, tetraquarks, pentaquarks, . . .
Calculate meson-meson, meson-baryon and baryon-baryon interactions

Predict the six-quark cluster structure contributions to nuclear properties
such as the EMC effect and x > 1 physics

Now turn our attention to Chiral EFT
theory of inter-nucleon interactions with origins in QCD




Effective Nucleon Interaction
Chiral Perturbation Theory (xPT)

Weinberg’s yPT allows for controlled power series expansion

Q

L
Expansion parameter : [—] , O —momentum transfer,
X

0 _ :
Q >< }’ A, =1 GeV, x - symmetry breaking scale

2N Force 3N Force 4N Force

Q4 X\Q* I;v\ H j>< H»,H Regularization is essential, which is also
Mo | b -1} implicit within the Harmonic Oscillator (HO)
*1 = s = t.. wave function basis (see below)
‘ R. Machleidt and D.R. Entem, Phys. Rep. 503, 1 (2011); Adapted from P. Navratil slid}<

E. Epelbaum, H. Krebs, U.-G Meissner, Eur. Phys. J. A51, 53 (2015); Phys. Rev. Lett. 115, 122301 (2015) |



No Core Shell Model (NCSM)
A large sparse matrix eigenvalue problem

H = T;el + VNN + V3N +ooeo P. Navratil, J. P. Vary and B.R. Barrett,
Phys. Rev. Lett. 84, 5728 (2000);
H ‘ ‘Pl.> = El.‘ ‘Pi> Phys. Rev. C 62, 054311 (2000)

¥)=24)0,)
Diagonalize {<(Dm| H | D, >}

Adopt realistic NN (and NNN) interaction(s) & renormalize as needed - retain induced
many-body interactions: Chiral Effective Field Theory (Chiral EFT) interactions

Adopt the 3-D Harmonic Oscillator (HO) for the single-nucleon basis states, «, f,...

Evaluate the nuclear Hamiltonian, H, in basis space of HO (Slater) determinants
(each determinant manages the bookkeeping of anti-symmetrization)

Diagonalize this sparse many-body H in its “m-scheme” basis where [a =(n,l,j,m; T,)]

HO basis space _|: |@,)=la, seeal],[0)

(configurations) n=12,...,10" or more!
Evaluate observables and compare with experiment

Comments
* Computationally demanding => needs new algorithms & high-performance computers
* Requires convergence assessments and extrapolation tools to retain predictive power
» Achievable for nuclei up to atomic number of about 20 with largest computers available



N_.. = HO quanta of lowest configuration

m

N_.. = maximum HO quanta above the lowest configuration

m.

Potential Energy

25
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A
Retain configurations with N_. < Z(2ni +1)< N+ N,

i=1
consistent with symmetry constraints (parity, M, ,...)

extrapolate: N, .« -> infinity

Nmax = 6 configuration
for OLi

3 neutrons + 3 protons
in low-lying HO shells

=[N/mq ]2

ers

3

N =
N=2
N=1

N=2n+l=0




M-scheme dimension

Challenge
Exponential increase in Matrix Dimension (D)
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Opportunities
> Memory/cpu time grows only as D32
» Algorithm development (SciDAC funding)
» Exaflop machines now available (DOE/INCITE competitive awards)
» Improved understanding of Chiral EFT
» Developing methods for extrapolating D->inf (N,,,.,.->inf)




Binding Energies with LENPIC-SMS chiral EFT

T | T T | T T T T | T T | T T | UL | T T | I

4He I~ m 4He
SHe I ?E— + NLO@50MeV) | - fhe P. Maris, H. Le, A. Nogga, R. Roth, J.P. Vary
oLi - ?‘ﬂ_ O N’LO (500 MeV) — °Li Front. PhyS 11, 1098262 (2023)

Li[ -+, iﬂ + NLO"@50Mev)| T 'Li
s - = ~vorsomen| e B NN potential up to N*LO™

*Li [ . - °Li 5
Be - —I.,—t ! Lenpie.sms | 'Be » 3NFs at N<LO

L s O 1’Li _ 4
| o to 1. » SRG evolved to o = 0.08 fm
“Be |- T 1" » LECs fitted to

B Iy - I > NN scattering data

[ . .

o L _,__4 o g > SH binding energy

e o = - ¢ » Nd scattering

13B | * ﬁ | 13B . .

sel . s 1s.  » Parameter-free predictions
14 J‘_o g, 14 > E b

Ccr -1 C

NI '-:.n. 1. rror arsl |

e - ——a |, > numerical uncertainty
l..._u_ —+= iy, » chiral EFT uncertainty

s e T T T T from Bayesian analysis
E_JE

Adapted from P. Maris, LENPIC Annual Meeting, Bonn, March 11-13, 2024



Daejeon16 NN interaction

Based on SRG evolution of Entem-Machleidt “500” chiral N3LO to
A =1.5 fm™' followed by Phase-Equivalent Transformations (PETs)
to fit selected properties of light nuclei.

A.M. Shirokoy, I.J. Shin, Y. Kim, M. Sosonkina, P. Maris and J.P. Vary,
“N3LO NN interaction adjusted to light nuclei in ab exitu approach,”
Phys. Letts. B 761, 87 (2016); arXiv: 1605.00413

Application to excited states of p-shell nuclei (Maris, Shin, Vary, in preparation)

Spectra of B isotopes and '2C » difference of extrapolated E,

| ﬁ t i-;,.i |, ™ extrapolation uncertainties:

¥ s i g I i max of E, uncertainties

‘ErT = 171 7 1% » good agreement with positive
T 'f y — IT _ { 3 Jio and negative parity spectra
3,080 Fw F=iil, §s » needlarge bases for 'intruder
el S 2 1 | and 'non-normal parity’ states

T <1 " » spectrum 1°B

2k T B feos =T > correct gs 3+ and excited 1+

.k N 1 » third 17 'intruder’ state

$ 2 %% ! » excited 07 state in 12C

0 log g 2p DR » Hoyle state?

» see MCNCSM results below



an o oo Alphar clusters i Cawrbon-12 fromv
: J cience b v v NU@LEI
PENERGY 'seeree 11 initio-theory & stalistical leawrning ="

Impact
« Ground state found to have 6% alpha clustering while
Hoyle state discovered to be 3-alphas 61% of the time

Objectives
« Ab initio nuclear theory aims for parameter-free predictions

of critical nuclear properties with controlled uncertainties

using supercomputer simulations - With this high percentage of 3-alphas, the Hoyle state is

confirmed as a natural gateway state for the cosmic

« Specfic goal is to determine extent of alpha clustering in the ) -
P & P 8 formation of 12C, the key element for organic life

Ground state and the Hoyle state of Carbon-12 (*2C)
« Statistical learning confirms 3-alpha feature of Hoyle state

1ZC

Ground state Hoyle state
Ab initio Monte-Carlo Shell Model
results for density contours of 12C density [fm‘3]
Ground state and first excited 0* o

(Hoyle) state using the Daejeonl6
two-nucleon potential. Simulations
were performed on Fugaku in
Japan, the world’s largest
supercomputer at the time.

2
0 ((\\

: s&‘&“ce\g
Ay

Accomplishimenty
T. Otsuka, T. Abe, T. Yoshida, Y. Tsunoda, N. Shimizu, N. Itagaki, Y. Utsuno, J. Vary, P. Maris and H. Ueno, “Alpha-Clustering

in Atomic Nuclei from First Principles with Statistical Learning and the Hoyle State Character,” Nature Communications
13:2234 (2022)



What lies ahead for nuclear theory across energy scales?

Need for increased theory effort at deriving and validating EFTs
Expand multi-disciplinary and multi-national collaborative efforts

Need for enhanced computational efforts to greatly expand basis spaces
and address heavier nuclei.

Artificial Intelligence and/or Quantum Computing can be keys to progress



NCSM spectroscopy of 22Mg

6 . ..
He Li et al., preliminary
SF 2 - :; \
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i \ -
4} 4 . _
> |
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1F
Daejeon16 h<2 =14 MeV
OF o

Exp. N_.=4 N_=2 N_ =0

max max

For reference, the 2000 PRL introducing the ab initio NCSM
presented Nmax = 0,2 and 4 spectra for 12C without 3NFs

For the nuclei
28Mg/12C in the
N, ..x = 4 basis

Ratio of Dimensions Factor increase
6,166,956,179/1,118,926 5,500
Ratio of non-zero many-body matrix elements Factor increase
5,414,114,108,970/279,405,126 19,400




NCSM spectroscopy of 0C
He Li et al., preliminary
Even larger — but still not the largest current calculations

-52 | 10C Nmax =6
Nmax =8 !
sl —+—N_.. =10 6
—<«—N,_ ., =12
S 5
é’ -56 | —e— Extra. 8-10-12 >
24
u; * Exp. s
o)) &)
w .58 | S 3
it
2
-60 I
* 1
-62 1 . 1 1 . 1 . 1 . 1 . 0
10 12 14 16 18 20

hQ MeV

[ 10C

. Nt
01‘
) 12 N._10 N._8 N__6

max max max

Exp. Extra. Extra. N,
8-10-12 6-8-10

10C(N max=12)/
+2C(Nymax=4)

Ratio of Dimensions
11,156,626,178/1,118,926

Ratio of non-zero many-body matrix elements
20,017,324,802,911/279,405,126

Factor increase
~10,000

Factor increase
~72,000




Suggested goal/strategy for the future

Develop “precision ab initio nuclear theory”
as a window on Physics beyond the Standard Model

Build a continuous succession of effective field
theories from a fully relativistic non-perturative

treatment of QCD, preserving its symmetries,
through to the structure and reactions of nuclei
while preserving the full predictive power of QCD
i.e. no adjustable parameters except the
current quark masses and coupling at the
renormalization scale
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Contact: Peng Yin (Henan University of Science and Technology) pengyin@iastate.edu
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Thank you for your attention

I welcome your questions




