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Lattice QCD

strong coupling constant vs energy
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Lattice QCD

Continuum

Gauge-invariant form for the
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Finite volume quarks
SU(3) matrix W (x+b ) \
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SU(3) matrix for the link

Path integral formalism

Richard P. Feynman, 1948 Lattice QCD




Lattice QCD

Solve a linear system of equations: DT(U)[m] DU)[m] x = ¢

I—[> Condition number ~1/m

— > Finite L, b and unphysical m,

Cost ~ [’H (L] Hy

USE UNPHYSICAL VALUES
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source of systematic errors
in lattice QCD simulations
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Extrapolate to physical results:
Use of Effective Field Theory



Lattice QCD

H Solve a linear system of equations: DT(U)[m] DU)[m] x = ¢ H

I—[> Condition number =1/m

— > Finite L, b and unphysical mgy

Extrapolations to connect with real life
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source of systematic errors
in lattice QCD simulations
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q

physical
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L~3-7fm
b ~0.066 - 0.145 fm b ~0.117 - 0.145 fm
m, ~ 146 - 1100 MeV m, ~ 230 - 806 MeV

L~2-8fm
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Extrapolate to physical results:
Use of Effective Field Theory



Lattice QCD World @ 800 MeV

Solve a linear system of equations: DT(U)[m] DU)[m] x = ¢ UNPHYSICAL NUCLEI

I—[> Condition number ~1/m
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Direct Lattice QCD extraction «—— Compute correlation functions m
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Determination of the energy levels. Fitting strategies.

* Use a linear combination of SS/SP correlation functions to remove the excited-state contamination of the lowest
lying state at earlier times (Matrix-Prony method/GPoF method)

* Perform a correlated y? fit to single or two-exponential forms

- (P d
«  Work with an effective mass(energy) function: so(t; d,7)) = ~lo 00/t )4 - E,  atlarge times
’ T Caal(r+rj d)
323x 48 my ~ 806 MeV 323% 96 my ~ 450 MeV
124 0.85j : .
1.23 aMz . I I

1.22F ] 0.80 - - 3 3 3 = 4
1210 ¥ 1 I 1

r g b L ,
120F aMg B 0.75 8

vep o 0.70|-

aM eff (t)

a Mg ()

t/a t/a

A. Parreiio et al NPLQCD), PRD 95 (2017), 114513

Ratios of single and two-body correlation functions = energy shift of the system resulting from two-body interactions



SU(3) decomposition
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strangeness

Two-baryon states

Flavor channel ‘ ‘

Flavor channel
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TWO-BARYON STATES AT THE SU(3) FLAVOR-SYMMETRIC POINT




27 irrep NN (1Sp) 10 irre NN (3S;)
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M.L. Wagman et al (NPLQCD), PRD, ARXIV:1706.06550
m; ~ 806 MeV
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Binding energies NN ("So) NN (°Sy) My, ~ 806 MeV
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World @ 800 MeV
&:O"!—-:': ,‘:A %’F’

factorial growth in the
number of contractions

NPLQCD Phys. Rev. D87 (2013) 3, 034506

m, ~ 800 MeV
0 T T T T T—'» T T T T T T
s=0 - s=—1 §=—2
-20f [07 ]
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3 3 2
S —80f
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2 _100/ -
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—120f
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—-160r 0
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—180} 1 3-body
T 4-body
_200 21 I 3 I , I I 31 3 I 3 I 1 I I - i_‘ 41
H nn He “He nX 3H iHe yHe ,He H-dib n= ,,He

no e.m. interactions

(hadronic labels for (J™,1,s,4) states)




EFT LQCD — FEW-BODY CALCS — NUCLEAR MANY-BODY CALCS

pro— JCot+ G 0, 0, 2B (attractive)
|+ Do 3B (repulsive)

0 NPLQCD, PRD 2013

0 ‘ ’ ! B EFT (7)atLO
Barnea et al. PRL 2015

z TUD/'Q\-’
Z -100 &
3

-150

my = 800 MeV |

nn d 3He/’H

-200 -

N. Barnea, L. Contessi, D. Gazit, F. Pederiva, and U. van Kolck, PRL 114 (2015) 052501

L. Contessi, A. Lovato, F. Pederiva, A. Roggero, ]J. Kirscher and U. van Kolck, PLB 772 (2017) 839
Ground-state properties of $N{4}$He and $™{16}$0 extrapolated from lattice QCD with pionless EFT



EFT LOQCD — FEW-BODY CALCS — NUCLEAR MANY-BODY CALCS
Lo Co+ Cy0; 0, 2B (attractive)
~ |+ D, 3B (repulsive)
| NPLQCD, PRD 2013
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N. Barnea, L. Contessi, D. Gazit, F. Pederiva, and U. van Kolck, PRL 114 (2015) 052501

L. Contessi, A. Lovato, F. Pederiva, A. Roggero, ]J. Kirscher and U. van Kolck, PLB 772 (2017) 839

Ground-state properties of $N{4}$He and $™{16}$0 extrapolated from lattice QCD with pionless EFT




EFT LQCD — FEW-BODY CALCS — NUCLEAR MANY-BODY CALCS

Co+ Cy0; 0, 2B (attractive)

LO —
v + D, 3B (repulsive)
many body: EFT + E|HH/AFD|V|C - NPLQCD, PRD 2013
Or ! ‘ ‘ | BB EFT (7)atLO
Barnea et al. PRL 2015
-50

3

S ~100

|~
|+
|-

nuclear structure:

effective-interaction hyperspherical _
harmonics (A< 6) / auxiliary-field |50
diffusion monte carlo (A= 4)

[ /Or
‘m,; = 800 MeV eo’
_200 n 1 1 1 1 1 /CT/(I)

nn d 3He’H  “*He  SHe/SLi  SLi

N. Barnea, L. Contessi, D. Gazit, F. Pederiva, and U. van Kolck, PRL 114 (2015) 052501

L. Contessi, A. Lovato, F. Pederiva, A. Roggero, ]J. Kirscher and U. van Kolck, PLB 772 (2017) 839
Ground-state properties of $N{4}$He and $™{16}$0 extrapolated from lattice QCD with pionless EFT



Calculations at lighter quark masses - Nucleon-Nucleon sector

'Sp)
NN (S,
My (MeV)
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compiled by Marc Illa, UB



Calculations at lighter quark masses - Nucleon-Nucleon sector

NN ('S,)

NN (s))
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Yamazaki et al. (2012), Ny =241 Yamazaki et al. (2012), Ny =241
* B Yamazaki et al. (2015), Ny =2+ 1 0 B Yamazaki et al. (2015), Ny =2+ 1
0 CalLat (2015), Ny =3 ] b3 CalLat (2015), Ny =3
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Calculations at lighter quark masses - Nucleon-Nucleon sector

SHe ‘He
M (MeV) M (MeV)
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compiled by Marc Illa, UB



Calculations on baryons and light nuclei

Interaction of nucleons/nuclei with external currents

Magnetic Moments

© Detmold

PRD 95, 114513 (2017)
PRL 116, 112301 (2016)
PRD 92, 114502 (2015)
PRL 113, 252001 (2014)

PRL 119, 062002 (2017)

Tritium P Decay

/np — dy cross section

~

-

= {i:} o
o® \
\ PRL 115, 132001 (2015)
Double Neutrinoless doubl
beta decay beta decay
-4 ge_ . ¥
C | 3
\ [ e L
Antineutrinos
PRD 96, 054505 (2017)

o

PRL 119, 062003 (2017)

~
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LQCD calculations of magnetic moments

post-multiplication of the SU(3) color gauge links by fixed U(1) e.m. links

Uﬂ(x) S Uﬂ(x) . Uﬁ'm' (x) A A A A A 4 A
— —
L
() = gl )
Ug™(x) = e* n®) e y1) [ [
— e—l quB8#1 e+iqxlBN5M26x2.N_1
B=:'B
G. t'Hooft, 1979
U(1) flux through each plaquette = e*@¢Fuv, QeB, = 2_7-[ n
with Fj, = —F,; = B, Z I

|QgeB,| 1 7
Ey)(B,) = Mp + QLB = (n +5) ~[2 155 B, - 2m SO 1BI2 — 2 (T B.By) o+ -

l >

0(B?) (polarizabilities)

5 = B§/P () — 552 (B) = ~2 g B, + -



LQCD calculations of magnetic moments

SU(3),

NPLQCD, Phys. Rev .Lett. 113 (2014)

i °*H
, p
. d
o
A N — e
’ K [nNM]
e e

nNM = =
2M 2M, (mi)

LQCD @ m_ ~ 800 MeV

___________ experiment

3
H)=
Shell-model HCH)=1,
predictions ~ U(CHe)=p,

Au“d = Au“n +:Ltp

up [NnBM]

20f

150

NPLQCD, PRD95, 114513 (2017)

3.0

25}

1.0}

0.5F

53 H m,;~800 MeV
B m;~450 MeV
m Exp
1" Ly
I X
)
= .
(M-p= —Up)
Octet baryon
magnetic moments
@ ~800 MeV
@ ~450 MeV




np — dy cross section PRL 115 (2015) 13, 132001

A magpetic field mixes the J,=1,=0 components

0.00
of the NN °S, and 'S, RN
e T { 7 ~ 800 MeV
C’515 (1 B) OS5 50 (4; B) g ]
C(t; B) = 0180,35’1 (t; B) 0180,15’0 (t; B) E —0.06;
T008L i~ 450 MeV
~ e ~0.10%, w s s ‘ ‘ ‘
AEBSl,lso (B) =2 (’il -+ ’70Z621l1) M|B‘ + O(|B|2) 0 2 4 6;, 8 10 12
\_Y_J o
isovector nucleon — 5E351,1So = A_ESShlSO - [Ep,T - Ep,i] + [En,T - En,i]
magnetic moment Ly —  2L1|eB|/M + O(B?)
o4 T T
—Iqcd
; L,""=0.285( *$ ) nNM
03r A
2 2 =2
= 8('}/0+‘p|) 9 2
Z 02f ] o(np—>dy)= —— X, .| +...
s | M*y,|p| %o
[ 5 ]
" OO ? o= 33247 mb
ook fLT ] (0 =334.2+0.5 mb)
0.0 0.2 0.4 0.6 0.8 1.0



Nuclear matrix elements in LQCD

Proton-Proton Fusion and Tritium (3 Decay from Lattice Quantum Chromodynamics,
Phys. Rev. Lett. 119, 062002 (2017)
SU(3),

L3 XT = 323x%x64
a~ 0.145 fm
m, =~ 806 MeV

© W. Detmold, MIT

CAu A\ (t) —

Gamow-Teller m.e.
(axial current)

courtesy of P. Shanahan



HUCIQar matrix elements <« linear response in the compound correlator

— . o . > courtesy of
Hime implicit sum time P. Shanahan

SEUOE VDY <<0x2(w, X5(0)10) HAg Y > {0lxa (@, )0V (y, 7)x5(0)[0) | +O(X])

I y 7=0 T
kT J
h={p, n, d, nn, np (!S,),pp,’H, °He} | 0@ = qYq

parity and spin constant T — {1 .
projection background field strength parameter {T V5 Z?M V}

scalar [ tensor

(polynomial of maximum order A,N" A4N4) _
axial



nuclear matrix elements

t

C{ () =Tpa Y <<0|xﬁ(w> tX5(0)[0) +Ag) > (Olxk (2, )0V (y, T)XZ(0)0>> +0(A7)

x y 7=0

ho t>0 _
Cépt)(t7p> l) ngt(r)e ol

Cl (¢, p,p) oy €I [eH R TG (Q = 0) + O]
gy
(ho) T = {17/-)/#7577:0-/11/}
Cy’ (t)‘ O(r,)
Ry(t) = o Ru(t. 1) = Ri(t + 1) — Ry (1) = 2ol 1)
=BNECoND v T) = Ralt+1) — Ralt) FapeD) T




nuclear matrix elements

15 o .Y _ .
Rh (t7 T) = Rh (t -+ CL) — Rh (t) i > I?t( )gT Y {1’ Y5, ZG/W}
2pt (F>

For a polarized hadron: Fopt(I'pol) = Z Z1

—

Fapt(Tpol, 1) = ZZ1
Fape(I', 1) - fgpt(FpObM%) =0, fSpt(Fpola’Yk%) = 77" $ 18},
Fspt(I'pol, 1054) =0, Fapt(Lpol, 1045) = VAR (—iéijmsk)

/For a polarized hadron in the z-direction : N
"r?)pt (Ppola 1) Jr3pt (FpOb 7375) . ~Fi%pt (Fpola ’7172) -
gs = gs , ga = 15294 , gr = 18291
\]:2pt (Fpol) ]'_2pt (Fpol) "r2pt (Fpol) ) j




proton axial charge

t
ho
C( () =g <<0><a<m DY) + 2> S (01 (@, 0@ (y, )X (0 >o>> +O(02)
x y 17=0
unrenormalized isovector axial charge of the proton
() (p) T
C>\u;>\d=0 (t)|0(>\u) o C>\u=0;>\d (t)‘o(kd) : NPLQCD, Phys. Rev. Lett. 119, 062002 (2017)
Rp(t) — (p) :
C>\u:07>\d:0(t) 1.4-'
=
%1.3? . e @ &—ap—r &p CIZ, {) _
E5) oo gA [ 1
R0)= Rolt+1) = Ryt) =5 22 L% svz—iwem [0
1.2F i
®
c
T T |
0 2 4 6 8 10 12 14
tla | Z,=0.867(43)

[ ga = 1.13(2)(7) }




Gamow-Teller matrix element for 3H — 3He e~ &

Schiavilla, Viviani et al. PRC 58, 1263 (1998) NPLQCD, Phys. Rev. Lett. 119, 062002 (2017)
(1+6r)fv 1
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Gamow-Teller matrix element for 3H — 3He e~ &
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NPLQCD, Phys. Rev. Lett. 119, 062002 (2017)
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<GT>eXp = 0.9511(13) Baroni, Girlanda, Kievsky, Marcucci, Schiavilla,Viviani, PRC 94, 024003 (2016)



proton-proton fusion cross-section pp — de™

NPLQCD, Phys. Rev. Lett. 119, 062002 (2017
Background isovector axial—vector field QCD, Phys. Rev. Le . (2017)

A®H =gty g - _1,-
2 mixes the J,=1,=0 components n
Al =1 and AJ =1 of the NN S, and 1S, access to the pp — de™ V' matrix element

CU7(t) =Tpa Y <<0|xa<w HX5(0)]0) + A, ZZ 0|x" (2, )0 (y, 7)x(0 >|0>>+0<A3>

x y 17=0

7

3 1
oW HOEPY ZZ Olxas, (2, 1) J5") (3, 7)xlg (0)]0) + c2A2 + c3X3
xz,y 7=0

t
3 1
CLE (1) = 2 >0 - 0hes, (. (9. 7)x L, (0)[0) + da)F + do X

xz,y 7=0

to extract the desired matrix element, one computes the correlator @ three (or more) values of A (A, , Aq)




proton-proton fusion cross-section pp — det v

relevant matrix element NPLQCD, Phys. Rev. Lett. 119, 062002 (2017)

1. 32
{d; j| Ay | pp)| = 9aCy 75 A(p) 8,

" M. Butler and J.-W. Chen, PLB 520, 87 (2001)

#EFT, N°LO
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1 ] X = aMp/y
——"a

29147 pp P

two-body short-distance



proton-proton fusion cross-section pp — det v

NPLQCD, Phys. Rev. Lett. 119, 062002 (2017)
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proton-proton fusion cross-section pp — det v

NPLQCD, Phys. Rev. Lett. 119, 062002 (2017)
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proton-proton fusion cross-section pp — det v

Estimation @ physical quark mass NPLQCD, Phys. Rev. Lett. 119, 062002 (2017)

A(0) = 2.659(2)(9)(5) {A(O) — 2.65(1) J

E. G. Adelberger et al., Rev. Mod. Phys. 83, 195 (2011)

N2LO
M. Butler and J.-W. Chen, Phys. Lett. B 520, 87 (2001)

Lsd—2b
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On going investigations

o Spectroscopy @ lighter quark masses
» ongoing analysis of baryon interactions and light nuclear systems @ ~ 450 MeV , including strangeness

» starting production @ ~ 170 MeV

o LQCD calculations would be specially of interest for systems
that are not accessible experimentally

Complementary information to experimental programs
(JPARC/KEK, GSI/FAIR, JINR, BNL, JLAB, MAMI)

Weak transition amplitudes in few-nucleon systems can be studied directly from the fundamental quark and gluon
degrees of freedom. The study at lighter quark masses is feasible and it is ongoing.

Lattice computations are relevant for the experimental program
(SNO, MuSun, double-p decay, Electron-Ion Collider, Nuclear electric dipole moments, dark matter direct detection)
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