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NUCLEAR PHYSICS FrROM QCD

- April 2016
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MOTIVATION

* LQCD presents possibility of studying nuclear

ohysics from first principles

* Precise experiments serach for new physics
« Dark matter direct detection
* Neutrino physics
e Charged lepton flavour violation, 3{3-decay,
 proton decay, neutron-antineutron oscillations...
« CHALLENGE: understand the physics of nuclel used
as targets

e Systems with strange quarks (hypernuclear physics)



INTRODUCTION TO LQCD

)= [ DoOlg e

* Provides a non-perturbative definition of field

theory

» Discretize space-time.

 Place in finite volume

— ] : | * Regulates IR and UV divergences -

suitable for numerical evaluation

1

‘f
gluon quark



MONTE CARLO INTEGRATION

- %f{l [ dotan)o

N = N} x Np ~ 32° x 64 = 2097152
» Approximate with Riemann sums? No! ~ 1002%°7%52; completely impossible!

 Utilize importance sampling: only compute most important contributions:

http://www. physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/index. html

0)= L3 o




EXTRAPOLATIONS

- [ 2]

iz
« Work in finite volume
« Work with finite lattice spacing
« (often) work with heavier than physical quark mass

BCY RmEmm, T it a— 0
V=L[xT . 1
my > mghys @@
' mg — mghys
S @ =
V — o0 L2 -> V =

My = mPhys
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UNION EUROPEA

COMPUTATION

System

Frontier - HPE

DOE/SC/Arg
United States

Eagle -

United States

Supercomputer Fugaku
. H

RIKEN
Japan
LUMI - HP!
El

Eur
Finland

Italy

Summit - |

nur

00, Nvidia

Rmax Rpeak
(PFlop/s) (PFlop/s)

1,194.00 1,679

585.34

561.20

379.70

148.60

https://www.top500.0rg/lists/top500/2023/11/




SUCCESSES OF LQCD
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HADRON SPECTROSCOPY IN LQCD

N R  Study time dependence of two-
CXX’ (t) — <O|Ox (t)O;r(/ (0)|0> point correlators
* Insert a complete set of states: » Oy is operator with quantum
numbers of state of interest
) (O] + Z/ 27r) 2E (p) n,p) (n,p| . Admits spectral decomposition:

time dependence determined by

 Schrodinger picture: operators are time-

independent: energy eigenstates.
O(t) = et Oe~H!
IA{ |n7 p> — En(p) |n7 p> —_ 104 :
- Z ZnxZny € @ 10
n=0 e
E.q=In CXX’ (t) 0 20 40 60
off =

Cxx’ (t T 1) t



PHASE-SHIFTS FROM LQCD

Lischer: Relate volume dependence to phase shift
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k related to energies  k COt 5(k) —
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THE NN CHANNEL

¢ L
@

» Before moving to more complicated observables, must

demonstrate rigor of simple systems

« Smallest multi-nucleon system
- |=0 Deuteron: bound pn state (E,~2 MeV)
e |[=0, d*(2380) resonance

 |=1 dineutron (pp, nn, pn equivalent in isospin limit)
» Results for 800 MeV, currently calculating @ 170 MeV




To BIND OR NOT TO BIND?

At m ~ 800 MeV,

« HALQCD: unbound deuteron and dineutron

Aoki et al, Comput. Sci. Dis. 1 (2008)
HAL QCD, Nucl. Phys. A881 (2012)
Iritani et al, JHEP 1610 (2016)

Iritani et al, PRD 96 (2017)

HAL QCD, PRD 99 (2019)

HAL QCD, JHEP 1903 (2019)

PACS: bound deuteron and dineutron

PACS-CS, PRD 81 (2010)

NPLQCD: bound deuteron and dineutron

NPLQCD, PRD 87 (2013)
NPLQCD, PRD 87 (2017)
NPLQCD PRD 107 (2023)

CalLatt: bound deuteron and dineturon

Berkowitz et al, Phys. Lett. B 285 (2017)

Francis et al: unbound dineutron

Francis, et al, PRD 99 (2019)



WHY ARE NUCLEAR SYSTEMS DIFFICULT?

« Common to all lattice calculations: I In Clyy/ (t)
ff p—
- Light quarks are expensive ) Cyy (t+1)

0-25"‘\"‘I“‘\“‘\"

e Continuum limit requires multiple lattice ensembles ;

_ Excited states - ;

« BB: 6 quark system - large cost computing quark f
contractions

« StN problem at large Euclidean time

« Small energy gap:
Chyx (t) = |ZO><|2 et + |Z1><|2 e L |
1 0.007

AE:El —E() ~ —
L2 0 2 4 6 : 10 12“/
 Work @ 800 MeV to validate, move to 170 MeV to Statistical noise

post-dict



TYPES OF OPERATORS

Local hexaquark operators

Six Gaussian smeared quarks at a point

Novel basis of hexaquark operators which project onto two
nucleons

Contains operators which cannot be factored into 3-quark

color singlets

Dibaryon Operators

Two spatially-separated plane-wave baryons

with relative momenta

Operators built products of positive and negative partity
nucleon operators

Relative momentum: up to four units — 5 operators

Quasi-local Operators
Two exponentially localized baryons
NN -EFT motivated deuteron-like structure
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H-DIBARYON

 Are there other dibaryon bound states? # HALQCD
1 ¢ NPLQCD .
 Jaffe (1976): Yes — Lambda-Lambda ¥ Ny=2,a=0066fm
504 & Np=3,a-0 +
« S=-2 hexaquark = g b
=25 -
. Experlmentally challenglng Q . y X
S N I I S + e 0 +
10 f 1 150 'L E“’”“’- ol & TR a0l ] Green et al., Phys.Rev.Lett. 127 (2021) 24, 242003
100 { 100} { 100 { 200 1 ! ' ! ! ! !
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M. llla, 2021 “Approaching nuclear interactions with lattice QCD” oy
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 Lattice can contribute... provided we

‘ Green et al., Phys.Rev.Lett. 127 (2021) 24, 242003
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understand systematics 0.000 0002 0004 0006 0008 0.010
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STATUS

0.25:.-........,
V=24x48 o
L=34fm =< M
= 010f
. . NCfgS =40 3 005
« Two lattice volumes: consistent :
0.00¢
negative shift on ground-state sk
 Must convert to physical units to 5
015 —
determine binding energy | -
0.10}
V=323%x48 _ }
L=45fm E;; 005
_ a
NCfgS = 101 00of
~0.05}




CONCLUSIONS

* LQCD presents possibility of studying nuclear
ohysics from first principles

* Relevant for experimental program

* |[n principle rigorous predictions of nuclear systems

* Theoretically & technically challenging

e Current questions about control of systematic
uncertainties

e Currently studying NN, YN systems with LQCD at UB



ADDITIONAL STATE

e Lattice artifact?

« Symmetric spectra for dineutron and deuteron predicted
In heavy quark limit. Natural to see approx. degenerate
spectra at these quark masses.

 Lack of volume dependence consistent with resonance

e Difficult to interpret at heavy pion mass.



VARIATIONAL METHOD

» Solve the generalized eigenvalue problem (GEVP):
ZCXX JUny' (t,t0) = An(t, to) ZCXX’ (to)vny (t; to)
X/
. )\n(t,to) = ¢~ (t—t0)En(t:to) gre eigenvalues,
vny (L, t0) are eigenvevtors

« Construct optimized interpolating operators

On (trefa to, t) — Z Uny (trefa tO)OX (t)

X Rigorous upper
_ _ bounds!
« Compute resultlng two-point correlators 1

C tth ref Z|Z t(), ref ’2 n>O



VOLUME DEPENDENCE

. : o
w e ’
\; )
Bound state Scattering state
™" FE(L)— E .
[E(L) — B(00)] ~ — [E(L) = E(00)] ~ —73

Lischer: Relate volume dependence to phase shift



NO-GO THEOREM

e LSZ: Scattering amplitudes are residues of poles of n-
point correlation function
e LQCD: Formulated with Euclidean time
e Maiani-Testa:
S-matrix elements cannot be extracted from infinite-
volume Euclidean-space Green functions except at
kinematic thresholds

« Cannot isolate single particle states.



HADRON SPECTROSCOPY IN LQCD

 Study time dependence of two-
point correlators

- O, is operator with quantum ~ 10
numbers of state of interest I '

) " O '

« Admits spectral decomposition: 10~

time dependence determined by

energy eigenstates. 0 20 40 60

Cox' () =Y Znx Zios e~ (En)



OPERATOR SETS

Consider operator sets with

 Dibaryon only:
» 5D: positive parity, 5 different momenta
« 10D: positive & negative parity, 5 different momenta
« 15D: positive & negative parity, lower spin components, 5 different momenta

* Hexaquark only:

e 1H: Most important hexaquark
« 2H: Most important hexaquarks
« 16H: Full basis

* Union of these two sets:
e 5D+1H, 5D+2H, 5D+16H, 15D+16H



INTERLACING THEOREM

Provides rigorous bounds on number of energy levels at or below effective mass*

Theorem (Eigenvalue Interlacing Theorem) Suppose A € R™*" is
symmetric. Let B € R™*™ with m < n be a principal submatriz (obtained by
deleting both i-th row and i-th column for some values of i). Suppose A has
ergenvalues A1 < --- < X\, and B has eigenvalues 51 < --- < B,,. Then

Akgﬁkg)\k-i—n—mfb'f’k:l,---,m
And if m=n—1,

MBS B-<Bho1 <\

A\, = e~ En(t—to) B3, = e~ En(t;to)(t—to)
E3 A E3 4 E3 +

.......... Eg(t,to) s El(t,t[]) FT T El(tetﬁ)
E,5 Es E,

---------- E\ (t,tg) ---------- Eqy(t 1)
El El El

---------- Eg(t,to) T T T T T Eﬂ(t:tﬂ)
E(] EO EO

*Fleming, Lattice 2023 (2023)



DEUTERON (1=0

025 025 LI s e e B B B B B B ) B B B 025 LI N A B A
L 1 L E 4
0.20 0.20+ : 0.20
0.15 0.15 0.15
= = =
'y - o
& & S ;
g-;c 010 \g-; C 010 g:c 010 & — o .:-in- mt 11
= & & I W
N S S— i
N S R — 0.05 0.05}
0.00 0.00 0.00 — u:--uﬁ-ﬂ-m-;-@éi-
L ] L o i
7I\\|\\\\III|III\\I\\\\I|III|I\ _lww\\\\\ll\lllll\ll\l\\\\\l\_l _||\I|\|I\\\\\\\Il\lllll\ll\l\_\
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
t t t

oD 1H 5D+1H



DEUTERON (I=0)

| Dibaryon  Hexaquark Combined . .
Costudies smdies smdies | o 510D and 15D agree within 1
020L & & B g &8 :
- sigma
sl EE S * 1H, 2H and 16H poor variational
< bounds
W ow 8B E I ECE .
a " : ; % « 5D+1H etc lead to union of two
i i .
W R sets of variational bounds!
« Additional state not present in non-
.y T interacting theory
2223 5TIFE:
2844

Interpolating operator set



VOLUME DEPENDENCE

Additional level
exhibits
approximate
volume
independence!
Suggestive of
resonance.

A Ergz,o,T;“)

L=32 data from NPLQCD: Phys.Rev.D 107 (2023) Y,
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DINEUTRON (I=1)
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VOLUME DEPENDENCE
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OUTLINE

* Motivation
» Scattering Amplitudes from Lattice QCD
 Variational Analysis of NN

* Observation of resonant-like state at de ~ 0.07.

e Conclusions



MOTIVATION

LQCD can provide important input for

Standard Model of Elementary Particles

e e pOth understanding the SM and

| 1l 11
= 3 =

l? [h‘m lf g.. hil;s constraining BSM physics.

%l l, l v - Nuclear matrix elements required for:
8 down ) strange bottom photon 8

l‘ l‘ l‘ "2 |2  *double-beta decay,

» dark matter direct detection,

GAUGE BOSONS

LEPTONS
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* neutrino-nucleus scattering

e Constrain nuclear EFTs



CONCLUSIONS

* LQCD can connect QCD to nuclear physics
» Challenge to control systematic uncertainties
 Variational Analysis of NN

* Resonant-like state at dE~0.07.

* Need to move towards physical point to interpret

e Currently underway!



0

H-DIBARYON

$ L>24fm
b Lz24fm, |p?| Smy/4
¢ L~21fm

' Green et al., Phys.Rev.Lett. 127 (2021) 24, 242003

0.000 0.002 0.004 0.006 0.008 0.010

a* (fm?)



TwWO VOLUMES



HEXAQUARK OPERATORS

C1C2C C1CC b d
. ,HK(x) = HFll,Fi;I?g,Fg;Fg,Fg (x) = Tablcde2f SD?‘l,Fl (x)Dlez,Fz (x)D;J::,Fs (m)

Many ways to construct color singlet operator.
33=633
B23)Br3)BR3)=603)x(603)R (6P 3)



DIBARYON OPERATORS

Q ﬁ,]'k}
Q '(i:jrk)

L3xT o] Mg a [fm] L [fm] T |fm] mzsL mzT Neg N
243 x 48 6.1  -0.2450  0.1453(16) 3.4 6.7 14.3 28.5 469 216




HADRON SPECTROSCOPY IN LQCD

Crx! (t) = <O‘Ox (t)OL/ (0)[0)

Cxx’ (t)

gluon quark t

/Dq%) e Cyy () = iZ L € @
s



TYPES OF OPERATORS

Local hexaquark operators
Six Gaussian smeared quarks at a point

CyC e
HE (2) = Tyhglf *DE g, (@)D p, (2) D g, (@)

Dibaryon Operators
Two spatially-separated plane-wave baryons
with relative momenta

DF n t Z 6’1,271'?’L/L (#1— :ch)z,vcm' NF xl, N (—» t),

xlaa;Q

Quasi-local Operators
Two exponentially localized baryons
NN -EFT motivated deuteron-like structure

QI‘ K, t Z Z 6—/-£|:c1 R| —/-£|:c2 R|Z,UO'O' NI‘ 513‘2, )N (—»1 t),

_)_)_;

T1,T2
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