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Case study LQCD with unphysical quark
masses (m;~800 MeV, 450 MeV)

Spectrum and scattering of light nuclei
(A<5) (pro 87 (2013), 034506

Nuclear structure: magnetic moments,

polarisa bilities (A<5) iprL113, 252001 (2014), PRL
116, 112301 (2016)]

Nuclear reactions: np—dy irr. 115, 132001
(2015)]

Gamow-Teller transitions: pp—dev,
gA(3H) [PRL119 062002 (2017)]

Double 3 decay: pp—nn

[PRL119, 062003 (2017)]

Gluon structure (A<4) pro 96 094512 (2017)]

Scalar/tensor currents (A<4) prL 120 152002
(2018)]



% Together with the electroweak theory, QCD
underlies all the interesting nuclear and strong-
interaction phenomena that we study.
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In principle can
calculate properties

of any nucleus from
QCD and EW

Multi-scale physics
with at least two
exponentially difficult
computational
challenges
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Outline

Lattice QCD primer
Bottlenecks: signal-to-noise
Light nuclei and BB scattering

External probes and nuclear reactions



LATTICE QCD = QCD ON A GRID OR LATTICEI

Non-perturbative definition of QCD

volume: Mw L >1

infrared cutoff

b lattice spacing: b << M ]:[1

vltraviolet cutoff

Can use Effective Field Theory to extrapolate in L and b!

(systematic uncertainties from lattice artifacts are controlled)



QCD path integral with Montecarlo I v
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QCD path integral with Montecarlo ‘D(C’j\l
L @
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Estimate of ¢ with oo ~ 1/VN




Correlators in Euclidean Space

T (x,t) = u(x, t)ysd(x, t)

Cot(t) = ) (0] 7 (x,t) 7*(0,0) [0)

7t (x,t) = efltrt(x, 0)e A

Cov(t) = Y €2En N7 {0] 7 (x, 0)[n) (nf7(0,0)]0) — A

n X

; Ot (1) )

Infinite sum of exponentials: E() = Mg = 10%(0W+(t+tj)

2M




b, m_(t)

Coe(t) = Y (0] 7 (x,t) 77(0,0) [0) — ¢~ ="
0.076 ———————————— T
¢ [
3
0.074 ¢ ®* m: 327X 256 ;
B 1 CWJF(t)
0.072 ;, o8 (cﬁ(wtj)) :

0.070

0.068

0.066

0.064

I | I | I | I | I
0 20 40 60 80 100

1

t/b,

20 140

1

60

1

80

2

00

2

20

2

40



Why 1s lattice QCD for
nuclear physics hard ?

O Signal/noise (sign problem) and statistics

@) Number of contractions
e
* < — >



SIGNAL/NOISE PROBLEM I
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b, M(t)
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baryons are
hard! (i.e. costly)

(Need quantum computers?)



Deuteron binding energy from LQCD I
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LIGHT (HYPER)NUCLEI AT SU(3) POINT
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Nucleon-nucleon scattering I

1 1
keotd = —— + ~rlk[> + Pk[* + O (k%)
a 2

/ \ effective range:

range of interaction
scattering length: unbounded

S— a(%0) = 9371 fm a(®) = 5.43 fm
r(%) — 273 fm r5) = 1,75 fm

EXPERIMENT:

L.L

a(lso) > Aéch // | \\

Trivial IR fixed point:

p . Nontrivial UV fixed point:
natural case

“unnatural case”



SCATTERING IN A FINITE VOLUME I

[Luescher(1990)]




Continuum limit
P2 but finite volume
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Baryon-Baryon S-wave phase shifts
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ALTERNATE METHOD: MATCH TO THE POTENTIAL I
Effective field theory
Hamiltonian in a

finite volume with
-F ’ periodic BCs
EFT

L
Vir) =V(r+mlL)
Y(r) = ¢(r+ mL)
4 ; : (=




3-dimensional Schrodinger equation in finite volume




3-dimensional Schrodinger equation in finite volume I




3-dimensional Schrodinger equation in finite volume

Diagonalize large symmetric matrix




Nuclear Effective Field Theory I

Two-baryon force Three-baryon force Four-baryon force

2 baryon force > 3 baryon force > 4 baryon force .



Match to Effective Field Theory! I
LO potential: X N

ﬁ

Fit coupling to match energy levels

Now we have LO potential at ALL pion masses! \
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NN P-wave phase shifts I

CallLat Collaboration

(using NPLQCD resources)
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Nuclear structure: magnetic moments I

UQ(l) phase

L6TQqgn L6TQqgn
U,(x) = e 12 T10u.2 o 1L #2010y L1

+ Hadronic and nuclear correlation functions are modified in the
presence of a background magnetic field:

Epj.(B) = \/Mg + P2+ (20, + 1)|QneB| — pn - B — 208" |BJ? — 282 (T3 B, B;) + . .

N

Landau level

+ Can extract magnetic moments, polarizabilities, ...

+ Extendable to external electric fields, etc.




QCD @ my; = 800 MeV
—————————— Experiment

p n nn dj,-+1 pp 3He 3H “He
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+ Almost no quark mass dependence in units of
M (m)



5.0

4.5¢
4.0t
= 3.5}
£ 3.0t
< 2.5}
2.0t

1.5}

1.0

Nucleon 1sovector magnetic moment I

100

200

300

400 500
m; (MeV)

600

700

800

900



5.0

4.5}
4.0}
= 3.5}
£ 3.0}
X 2.5¢
2.0}

1.5}

1.0

N .
ucleon 1sovector magnetic moment I

\]\\\\\l\\\ e i \\‘\\ fil \\\i\\H\H\\\\\ J I\ \\\\\\ il \\l\\\\

il 1 T

it 1 2

1- & 5 £ 7

\ I I \\\!\\5\“\“\\\ I i

1131-11

100

200

300

460 56()
My (MeV)

600 700

800

900



5.0

4.5}
4.0}
= 3.5}
— 3.0}
X 2.5¢
2.0}

1.5}

1.0

N .
ucleon 1sovector magnetic moment I

\]\\\\\l\\\ e i \\‘\\ fil \\\i\\H\H\\\\\ J I\ \\\\\\ il \\l\\\\

il 1 T

it 1 2

1- & 5 £ 7

\ I I \\\!\\5\“\“\\\ I i

1131-11

100

200

300

460 56()
My (MeV)

600 700

800

900



Nuclei1 as groupings of nucleons: shell model! I

H3H = Hp
HU3He — Un
Hd = Hp T Un
0.6+ ]
. 04 I
Difference between e -
nuclear magnetic 2 | H
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Nuclear structure: polarizabilities I
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Nuclear reaction: np — dry I

2

[Detmold and Savage (2004)]




Nuclear reaction: np — dry I

2

[Detmold and Savage (2004)]




np — dry |

0.4F

np o d'y Cross sectlon from lattlce QCD

Q.

o' (np — dvy) = 332.4( 52 ) mb
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+ Axial coupling to the NN system

+ [,u_d — nnu@ : MuSun @ PSI
+ [Vd% eﬂzn} . SNO

+ “calibrating the sun” [pp — de™v ej




+ Axial coupling to the NN system

+ [,u_d — nnu@ : MuSun @ PSI
+ [Vd% eﬂzn} . SNO

+ “calibrating the sun” [pp — de"v ej
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+ Progress has been made in benchmarking lattice QCD calculations of
nucleon-nucleon interactions.

+ The goal of lattice QCD is to calculate unknown observables with
fully-controlled uncertainties.

+ Background field method is proving remarkably successtul.
Scalar MEs have also been computed: large deviations in some
cases from sum of single nucleon MEs.

+ Prospect of a quantitative connection to QCD makes this an
exciting time for nuclear physics.

USQCD  US Lattice Quantum Cirromodynamics

National Energy Research
Scientific Computing Center




