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Standard Model 1s the current starting point
for describing the nuclear processes
that brought the universe to the present time
and can provide fusion energy for the future

This starting point defines our “ab 1nitio”
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?
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An Effective Field Theory (EFT) expresses a system’s properties

in terms of the constituents (degrees of freedom) most relevant to the
energy/momentum scales being probed. An EFT is derivable, in principle,
from an underlying theory such as the Standard Model.

For the low-lying spectroscopy and reactions of the mesons and baryons,
this could be an EFT of interacting constituent quarks and gluons.

Example: Basis Light Front Quantization (BLFQ) with Effective Hamiltonians
inspired by Light-Front Holography with residual interactions from QCD.

For the low-lying spectroscopy and reactions of atomic nuclei this could be
Chiral EFT applied within the ab initio No-Core Shell Model (NCSM)

Let us first review the Basis Light Front Quantization (BLFQ) approach
to the properties of the mesons and baryons and to their interactions
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Light-Front WavefunctionsL(FWFg
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LFWFs providi s intrinsic information of the structure of hadrons, and are
Indispensable for exclusive processes in DIS [Lepage ©80]

! Qverlap of LFWFs: structure functions (e.g. PDFs), form factors, ...

I Integrating out LFWFs: light-cone distributions (e.g. DAS)

(Hadron Physics without LFWFs is like Biology without DNAD
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Overview of BLFQ/tBLFQ applications to mesons and baryons

Common features

Transverse confinement from 2D HO (in common with LF Holography)
Longitudinal confinement (Y. Li, et al, PLB 2016, PRD 2017)

Basis states from exact solutions of a reference Hamiltonian

Compare results with experiment, lattice, DSE/BSE, . . .

Distinct features

For Veff

1) perturbative one-gluon exchange (Y. Li, et al, PLB 2016, PRD 2017)
2) NJL model for light meson applications (S. Jia, et al, PRC 2019)

For Fock space truncation
1) Valence sector
2) Valence sector plus dynamical gluon (plus sea quarks, plus ...)

For observables

1) Single state properties and decays
2) Transitions between states

3) Non-perturbative probes (tBLFQ)

Next Methods
BLFQ on Quantum Computers



Heavy Quarkonia [Y. Li, et al., Phys. Letts. B 758, 118 (2016); Phys. Rev. D 96, 016022 (2017)]

o The effective Hamiltonian:

Ho
k2 +m2 k7 +mZ K3 o, 9,
Hesr = = 4 = 4+ /{4:17(1 — :17)7—"2 - ——(x(1 —x)— ) + V.
1 2 ; g
R l1—x (mq + mg)* Ox Oz —~—
Y ~ -~ ”  one-gluon
LF kinetic energy confinement exchgange

where . = pg /PT, k) =Py —aP,, 7| =7y — 771

o Confinement
transverse holographic confinement [S.J.Brodsky,PR584,2015]
longitudinal confinement [Y.Li,PLB758,2016]

o One-gluon exchange with running coupling

4 dma Q2 - <
V,=—4% Qg )uaw”uavs%%’ [M.Krautgartner:PRD45,1992]

o Basis representation

o valence Fock sector: |qq) (initially)
o basis functions: eigenfunctions of Hy (LF kinetic energy+
confinement)



Spectroscopy

[Y. Li, et al., Phys. Letts. B 758, 118 (2016); Phys. Rev. D 96, 016022 (2017)]

T T T T T T T T T 3D; T T T T L 1 == T T T
B W(4160) 7 108 3'D, 33p, 3°D; |
4.2 nedS) == L 415, 4% 3F 2'F3 23p, 2°F4
L -1-- ----- 13F2 b | 1 2 [Secere— -
- 3% uo) ] . i 30 pp, 3P 2 ]
| 1 i B 33P _
4.0 — b == o6 M T T S 13G, ... BBthreshold ]
VT (3 m r _— === b
I]:_(__S.) Xo(2P) B XiQP) X . — 2i2l 1»(3P) = %’ ]
- — X(3872) llDz X 1°Ds _ - 315() 2'D, 2°D, 3
RN 1047 — 169 1, UFy PRy DRy ]
3 8_ W (3770) _ —c— —_—
'''''''''''''''''''''''''''''''''''''''''''''''' T i (2P —Px0(2P)
- = DDthreshold - 10.2f S Ll _vap) =
. — 1 - 1°D; 1Dy 7 1'Ds
3.6 7029 Xe(1P) — — — —
/I((IP) . (IP) = i -
= Xel 10 I |
L — - T 503 Y02S)
=3 r hy(1P) le\/M(lp*bz“P)
J— - — Xvo(IP) — —
34 — XM) - - e —
9.8 _
3.2F _ L ]
Ips) — BLFQ | 9.6 .
N T —_ PDG | - = BLFQ
3.0l m——— _ 9 4—_ . Y(1S) _-
B = Y Belle | M ) — PDG ]
1 1 1 1 1 1 1 1 | 1 | | | | | | | | 1 1
O—+ 1 1 += 1 ++ 2++ 2—+ 2 3—— 0—+ 1 - 1 += O++ 1 ++ 2++ 2—+ o= 3—— 3+— 3++ 4++

I (GeV)

mq (GeV) rms (MeV) ";M (MeV) basis dim.

N max

cg | 0.966
bd 1.389

| determined from bts to spectrum follows the HQET trajectory , !
agreement with recent LFH result

1.603 31 17 32
4.902 38 8 32

1812
1812 i/

My, in
[Dosch et al, PRD95 (2017 \




"HSY& ) "H W'Y H#,%-" /% 01%2"34(%056%789(%&8:7:

"H#$9%6&%' ()" &S %+(,$-./%"-("(0123

I O* *#"*P'-1(%9%--,2D"2D
I QJHR(S#,0"%."*2'($#,(/ #1(%*+S,.,."/,T
' No parameters were adjusted!

NRQM/LF (Babiarz 2019)
NRQM (Babiarz 2019)
NNLO NRQCD (Feng 2017)
Lattice (Chen 2016)

Lattice (Chen 2020)

BLFQ (this work)

—_—

T

—o—i

PDG 2020 ot
00 20 40 60 80 100
F,,c_,yy (keV)
NRQM/LF (Babiarz2019) | — &
NRQM (Babiarz 2019) —
Lattice (Chen 2020) —o—i
BLFQ (this work) +—e—i
PDG 2020 to-
00 10 20 80 40
r)(co—>w (keV)

Hadron mass (GeV)

$%6&&'()*+,-.)/+0112+34)5+0612+34)5+0712+8)59+0762+::<H076

=>73,*+@)59+06A+B+C6D
=>?8*+E%F%GH+06l+B+07!

3.8

W
[®))

S
~

*
b

3.0

2.8

1 'H'$%&& " 9%((
-";"""""s&ﬁnclzdzo"-
B l//, < BLFQ (this work) |
B B Lattice QCD .
i A DSE/BSE ]
| 7], _
: ?@ X2 Ly "o # 1S (A7
: Xcl :
i J/lﬁg :
| o s ]
i Ne = :
N D __
| [N A TR NN T N TR A T N TR A T AR N T N |

0.0 2.0 4.0 6.0 8.0

[ee Or [y, (keV)
"#P%E& (") +*,-."&., 1% 0*$&.1'," ) *"+*#% ((.(*
%)1*1'0.$,")21'$-",")*3'1,-(*/"#4").1*



#5968 () *+&' ))&-.(/%01283+/415"+#86+(&78+,2"/,4&941*

2000

1500

M [MeV]

500|

10001

0_

0+ &&
-=-==  BLFQ 817;=
: : #  81?7AB
== PDG 18 (1450)

S 71{1400) $ <;A8> 81@:8
Tighse0) == 1320 , :

i . -m=  a(1260) (1520 :
br1235) ToS % <7=@¢ 81@8
.- $. <7=B8 81@='

a0(980)
R "<7@88 81=A?
o,
$, <7T@=¢ 81@=¢
(rag ) ™i-mws ) %0/ o) 01
& ' (y+-d 98& ' ()0(,-/ %& |".<7788 8188=
1' ()02,-./ B& (B+-/ %
- &' (B+* 988 ' 20+, #<7798> 81@T:
p= :
| | | | | | | |
0~t O+t 1= 1+ {++ 1=+ o+ JPC

I Fix the parameters by fitting six blue states
#23456" ) 7#3%08 9#5%6" 8 : « 1,(1400) : #%&"dominates

e 1(1300): Decay Constant (DC) <! ’s DC
"HSOB(&H) Y& +,"-.&/0))#102#(30$485" &678%&9::6<=&PSEI>E=A<8BE&

I"#$%&
T@A
=

8

8
77
20

8

8

?B



| My g &6 '

#' $I"#$%&' )$*I'#S++1+,')$*

%

b 001

do/dx - (ub/nucleon)

—

—_
=

d o/dx ¢ (ub/nucleon)
o

-
o
&

= £
[ 42ndf=0.38  CERN-WA-011 || ¥#ndf=5.00 FNAL-E-0672,0706
- F=0.039 /'S =18.9 GeV F=0.029 /'S =31.1 GeV
5 n +Be n +Be
/ — Total
Sl
...................... —- 99 T
vwmaye A1) TR N [FaET weaen qg*(-1) X
| |
x?/Indf=0.51 CERN-NA-003 y2Indf=2.47 FNAL-E-0705
- F=0.034 IS =19.4 Gev F=0.037 /S =23.7 GeV
g T +p mw+Li

1 1 1 1 1 I 1
0 05
XE  1"H9(&H)*%&85" &678%&9::6<=8&+7=774B

1 A 1

£ Gl 5,35, 35K3 Gy, JgK

CEM

1$1'IK 5BELC%")5%&67%;D9%:9D9D?%
IN'20J5B8C%")5%N&.%8D8%:;<==?%!
10'JK'J0 5BELC%")5%N&.%LD>%:;<<8"

BIH&ED) =80, E&H#.%0&(-*/$
+*-%$.1,8<$=>? @A$="B>/
=?BCA%$7=D;$;8EARBGG!:



"#$%!&'('%)*&*+'

| 2<(*+&" & ($>8+96& "I B8 8+-$

HWNisg7g ") #9608 |$8&) 8 |&&) 8 [$FH%H 8 |$8&&) 8 |$HBER) 8 HHRE" 8 :

HNyy7g O) #$$" 8 [$$$&) 8 [$555%H 8 [$$3'&&) 8 [$$$'$9&) 8 #$$$$8.&" 8
INe5=55:7=" ) ) |$5$'$$$) 8 [$5F5'3$$'&) 8 [$55'$$S'T8H 8 #5935 $5F5'&&" 8

| 1"HS968"%(") (*+&"8(&,+,S&("Yo- $+E&B&(/" 0(% LI ARS-, &

Dimensions

(( A5(# "6+, %()".(71+%, L#(-'#81,"%9(

1010§ ' 1014i ---- Béwon | g

109; (g ) "0#Sug N&'S . — —— Meson

1082 e 1012__ --- Deuterium -

10@ 1070 ]
6L -

12; 108

1042 10°

Parton Number

6 8 10 12
Nmax

14

16



1&,-./'%0(*1%./+%2-/1&3(4&5%657./

*criake) & +um-— 5 ( +nl- )
% &' 4es( ' egr (" 1) (' neoqe
(e =
20p1: 1 ”;<4 &

2 oo B By (B30@4AFBS/DOEED, +FG$&=>HIJ>=:

2yg., 367 58;,(99.8.) (03433 /0S#S152/3+ASHSES6/374S178$9: <=

_(c F
2sg6un - 28660 < 2 g - TIIATR BY < "B
’ D (.84)(
—_—

/‘/L\



8/9.5&, (:+2%:&,* /%< (", (= T*(JYHTIA*(.I

10989 >? 08

Ja) OP+MOR* R3S [NM|

J) OPQMOPDR3S

08:}
' 98:}

98 98; 981 98B 98C

=\/ |
1 080-
v 089 B S 068(+, B 1S 06&°()F +,
------- 223+#+45)6780
08:| T

1 1 ] B i
98990 9899: 9890 989: 980 98: 0

<

ggdEe

CD*"E"%FG'#E%"3*%*HE3"IE*,%J3G.%)K5KCLMN%,"E"
O#IPQ,"#$YED*%M#*%64#"."" PSRBEIEEEE(UED*%$PQG#%, /E3'VQE'G#%'/%IPG/*3%EG%E
01&234&%54&21867894&:1&;<4&$18#1&=8>FEE))*@1*ABAC&!ITDE  "#$%&"&()*+,&--./



I"HS% &#' ($%)*"#E*# +,+#) (-+',.' [-%$0'%)1'&2-,)

" F
¢ KLMC3$+EMCN3/M+EN$
=#$0C$LP3M.C3$0QM/+

! ] &I'OP.T (R3S
ULOPVD(R3S)
| . TOPVWR3S)'
I <|pJ_|2>¢JJc —4— q = gluon
1 2
| (prys, (CV | g = w anark
Npax = 9, K = 16.5 q = d quark
"] !"1! _ !".$ —— !",&
£Xr

L%
O 1"#$% &I#' ')y $ %™ |4 | (¢ &("%&)" & %+)&'(,'& %ﬁ%m-./&m&'("&,1"2,3"&'2,%41"24"&
5+5"%'-5&+#&#.,1+2& )
O 61"2,3"&'2,%41"24"&5+5"%"'-5&+#& &&-,2*&$48&4.$3('.8&.,23"2&'(,%&'(,'&+#89&'("&4,5"&,4&+-2&
) ,&+;* &";'+2&;+%;.-4$+%<
O =$'(&4)- ,&+:* &"'+2&)"&%+)&,. 4+&*%+)&'(,'&'2,%41"24"&5+5"%'-5& +#&3.-+%&$4&.,23"2&'(,%&
(' &AH&T- 2 - +RPH#HSCMSP/SI#S+ESTICT.



"#$%#&'()%o#*'+H01,)2'20%--,#3/4'3/'1L348¢'/-"71 %83 1-"/3%/'%99#"% 05"

B+D(@CTCE@CEM$8/4(+L4$®EH\VIM ‘

VP/IEM+W/MMEEEY B8 () S+, " (&-#Y%. H+#
: J(-] O&"*1#23+*A#5%6(&-#(&H | -
HPYEEH) *H(+,%-

THT%'(,(6"HBH) (S, (%&OHU&H+# /&
V&, +HOIBLS2)&I3ASH+E2YHA) 12854+ HKEBI&I-| 08 148353 H5%6(&-H#(&H

%&4&,'27,8%!&/,\ &R, +:&#2)!,;:4&#2)6! J"HE"-+,(6"#8#) (*"$, (%&;

A<I&/ '\ 345#+&2)#4) #9849 ,<11$25!&/,!1=>7!

@40$4)0#4)! Time evolution of a quark state in the *), (*+)
/_0( 120342 5, $ 6 7; “@ 3, Fock space observed from the transverse

momentum Space
B/'&#5,',92+&#2)'2($4&2$'#%'<#9#<<'#Jp&2! [ h R h FRTE, h

54)810654++184#5,6& (%61, 4*/18#5 %6&, (1Hh1(*)!
94+:48,<1):5 $#*4++814)<I#)&, $5,<H#4&,!

L!:—n

&AL, %IAS, 147, %6964 +,6 o B $ -

— 05 x*=0.GeV~! [ ;:gz

= IR [\
$ A m & 9 < /_> &f)) 0( 1?) 3]_”_(@’ -1 05 0. 05 1 o
" CA%H1S,(3,9%,)84842)- [ =N
D(&#54+174%#%!/4%!&/,1%45,1%855,&$#, %'Q]:H) - N
&/,1%8%8&,56!4)<1#&#%!&/,|E,8!821):5,$#*4+! b 1 B N /R

L1#4,)*8 , )
\_ _J

)19%&'(SBCERWE, %W 196X D" G(%0D4 1%5%Y1%6%78?2(%89B78?7%<=8=7>

v




L HS%& () &+, -,&$-)(./012'3' /012

2 1"#$%&'()*'(+,-.(/0121()% (23456 7'(4*2$05(18™")$8(/$'0923: (

( N%&'%"#,%-101%2"34(%0D4/1%&*EE/1%Z%A=9(%7 @BAB8%<=8==>

%  119%&' (%01%)"3'/%"#,%-101%2"34(%0D4/1%&*EE/1%Z%A@B(%7@:9;A%<=8=@>
134$'01'()*'(36"/'$(%:;(7830"2405(:56%31

2 134567'(1'0(<60$9(#02$1

2 =77$'11()* (#$%)%3(1#23(#6>>5'

2 138'1)2:0)'("?%)24(181)"1@(:56'/0551A())$0<60$9LA(#3)0<60$91A(B
2 C054650)'(" 1943 1%3A(""1%320$8%3(037(/0$8HEE8%3(23)'$04)2%31
2
(
$3

N

E$'724)()* (LPR60$9(4561)'$(1)$64)6$'(4%3)$2/6)2%31()%(3645'0$(#S
164*(01()* (FGC(;;4)(037(?(H(I(#*81241

2/(,1.%("1.(+,,$%,"%(, (@0".+A(B2C
03.D()("%,$R61-A$%("%,$.+-,"%&(/",0(."9"%&("%(<@!




Effective Nucleon Interaction !
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Chiral perturbation theory (! PT) allows for controlled power series expansion
#a &
Expansion paramete%gg , Q* momentum transfer
2N Force 3N Force 4N Force Y .

Q0 X}’ I . +1GeV, " - symmetry breaking scale

Q4 X\Q*I}\ N/ bt Regularization is essential, which is also
NLO * 1 . ’(H >< [ IfH implicit within the Harmonic Oscillator (HO)
Y t.. t.. wave function basis (see below)

R. Machleidt and D.R. Entem, Phys. Rep. 503, 1 (2011);
E. Epelbaum, H. Krebs, U.-G Meissner, Eur. Phys. J. A51, 53 (2015); Phys. Rev. Lett. 115, 122301 (2015)
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Application to excited states of p-shell nuclei
Spectra of B isotopes and
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(Maris, Shin, Vary, in preparation)

difference of extrapolated E,

extrapolation uncertainties:
max of E, uncertainties

good agreement with positive
and negative parity spectra

need large bases for ‘intruder’
and 'non-normal parity’ states
spectrum 9B

» correct gs 3" and excited 1+
» third 17 ’intruder’ state

excited 0 state in 12C
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Objectives
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oo omeor AIPNA Clusters in Carbon -12 from
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ENERGY |5 ab initio theory & statistical learning E

Impact
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Ab-Initio effective interaction from the NCSM
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Dikmen, Lisetskiy, Barrett, Maris, Shirokov, Vary, PRC91, 064301 (2015)
Vary, Basili, Du, Lockner, Maris, Pal, Sarker, PRC98, 065502 (2018)

Smirnova, Barrett, Kim, Shin, Shirokov, Dikmen, Maris, Vary, PRC100, 054329 (2019)
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Binding energies of O-isotopes

rms(DJ16-6) ! 3671 keV:

rms(DJ16B) ! 235 keV; rms(USDB)! 467 keV
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. I+ State vector becomes amplitudes
{’51% ‘52% ’ ‘5n>} : Operators become matrices

* Natural extension of the NCSM

 Non perturbative

. Ab initio VA()
* Full quantal coherence
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5% GTHASS(Yo+-SHT (*, 98, &* 0THT)%Yo+(%
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Solve EOM for CM motion in external field: V, (t) = time-dependent electric dipole field

Vi =V ¥V, acting on np relative coordinates

1 1 Eq =3 MeV,0; =60°) o(Eq,62 = 150°)
e | 0Z34%5F —— Rr(E) — (Ed , 01 d, 02

2 6%, 1'¢ (Ea) o(Eq = 3 MeV, 0, = 150°) o(Eq,0; = 60°)
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Peng Yin, Weijie Du, Wei Zuo, Xingbo Zhao and James P. Vary, J. Phys. G Nucl. Part. Phys. 49 125102 (2022)
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* Need for increased theory effort at deriving and validating EFTs
Expand multi-disciplinary and multi-national collaborative efforts

» Need for enhanced computational power to greatly expand basis spaces
Artificial Intelligence and/or Quantum Computing can be keys to progress
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# Developed artificial neural networks (ANNSs) for extending
the applicati%n range of the*04*")',"*No-Core Shell Model

(NCSM)

# Demonstrated predictive power of ANNs for converged
solutions of weakly converging simulations of the nuclear

radius

# Provided a new paradigm for matching deep learning with

results from high performance computing simulations
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* Develop ANNSs that extend the
reach of high performance

VT -#0,&
SLi with Daejeon16 interaction
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computing simulations of nuclei

Predict properties of nuclei
based on %4*)",""*structure
calculations in achievable basis
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et = 1 » Produce accurate predictions of
7 nuclear properties with quantified

uncertainties using fundamental
inter-nucleon interactions such
as Daejeon16
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Many outstanding nuclear physics
puzzles and discoveries remain

Spin structure of the proton
Exotic systems including glueballs
Origin of successful constituent quark model

Origin of the successful nuclear shell model
Clustering phenomena
Nuclear reactions and breakup
Astrophysical processes & drip lines
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