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Topics

» Motivation for solving QCD

» Basic aspects of the structure of the nucleon and of quantum field theory

- An introduction to QCD - gauge symmetry, flavor symmetry, chiral symmetry

* Quantum fluctuations, the path integral and QCD

 Length scales in, and pertinent features of, Nuclear Physics

- Lattice QCD - formulation, gauge and fermion action, doublers, Symanzik action and
Improvement, Tadpole-improvement, the clover action, Ginsparg-Wilson fermions and chiral
symmetry

- Elements of a LQCD calculation

- Monte-Carlo algorithms for generating ensembles of gauge fields

- lterative Algorithms for quark propagators

 Contractions of quark propagators

» Setting the lattice spacing - masses, static potential and Wilson flow

- Recovering rotational symmetry from cubic symmetry

- Correlation functions - production, statistics of, noise, the signal-to-noise issue with baryons
- Re-sampling techniques, Robust estimators and fitting, statistical behavior of correlators
 Uncertainty quantification - volume and lattice-spacing extrapolations, the dispersion relations
 Error budgets
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« Status and the future

« Conclude

USQCD

Tuning, Hadron masses and light-quark masses

Nucleon mass, static moments, strange-quark content and form factors, beta-decay matrix
elements

Hyperon form factors

Scattering, Maiani-Testa theorem, Luscher’s method,

Resonances, exotic meson spectra, 1=2 pion-pion scattering phase shift, multi-meson systems
Coupled channels

Nucleon-nucleon scattering and the deuteron

Light nuclei, matching to effective field theory

Dark matter matrix elements

Hyperon-nucleon scattering

Nuclear Magnetic moments, radiative capture cross section, Feshbach resonance in nn
Exotic nuclei

Parity violation

Formal developments - boosted deuteron, i-periodic boundary conditions, FV QED

Impact of algorithmic developments - AMG, recursive contraction,

Resource requirements

Status and near term outlook
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To develop first principles predictive capabilities for nuclear physics.

This will occur either by direct calculation or, more likely,
by providing input into nuclear many-body calculations that cannot be obtained experimentally.

e.g., multi-neutron forces, hyperon-nucleon, hyperon-hyperon interactions

* First step is verification of technology/method by precision comparisons with experiment.

- Second step is to make predictions for quantities that are followed up/verified by experiment

 Third step is predictions for important quantities that cannot be accessed experimentally (on
appropriate time-scales).
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Electrons and Nuclel Protons and Neutrons Quarks and Gluons

Quantum Chromodynamics

A quantum field theory describing the dynamics of massless gluons
and quarks with a wide range of masses 6
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up-quark mass ~ 3 MeV

gluon down-quark mass ~ 5 MeV
luon mass = 0 MeV
gluon J
gluon
proton ~ 940 MeV
quark
anti-quark
Nucleon
Nucleon is an entangled state of indefinite quark masses defined in a scheme at a

particle number with spin-1/2 scale: e.g. Dim. Reg. with MSbar at u=2 GeV
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Special Relativity 2

B o= 1.055 x 103 Js ¢ = 2.998 x 108 m/s
T W(x,t) 8



\ Physics £
10} \eal
\$\)e( ¢choo EY R

S T % Quantum Field Theory
A e.g. a Scalar Field

Quantum Vacuum

eg (qb(x,t)gb(x é,t s)op(x+ b, t+ u)

Classical Vacuum

Quantum Fluctuations in the Vacuum Dictate Observables.
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. _ Theoretical Prediction
Experiment Thinking - EM Waves

+

EM is Linear and
essentially Classical
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Thinking

electric charges EM waves

Experiment

QCD is Non-Linear
and essentially Quantum

color charges Excited Glue
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A4 Physics /FW

% " _& " Important Features of QCD

Nucleon

® Fach

guark comes In 3 colors

e SU(3) Local Gauge Symmetry

® 3 gluons - photon-like”

® Asymr
® Confl
® Chira

ptotic Freedom (QM)
nement (QM)
Symmetry Breaking (QM)

® 4 wel

-defined input parameters

12



QCD Lagrange Density

A Renormalizable Quantum Field Theory ?

L = Z q; | iID—m; | i Z G, GH

i=u,d,s,c,b,t \ a=1,....,8 r
/ gluon kinetic

quark kinetic quark mass Yang-Mills action
(Higgs mechanism)

Dyuq(z) = 9uq(z) +ig _Z Al (x)T%q(z)  covariant
1 o .
Guw(@) = ig Dy, D | = Z "Gl (z) glsl’:fenngter::



QCD Lagrange Density

Gauge Symmetry - local

L = Z q; | 1) —m; | g i Z GZVGW’“

1=u,d,s,c,b,t a=1,....,8

d'(z)
, d(x) = (dg(m))
q(z) — ¢(r) = Qz)q(z) &(z)

IPqd =qQ0'PQq=7qPq
D, = QD!
1

A, = QA0+ -
tg

. 00,0




QCD Lagrange Density

Gauge Symmetry - local

L = Z q; | tI)—m, | g : Z Ge Grre

1=u,d,s,c,b,t a=1,....,8
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QCD Lagrange Density

Gauge Symmetry - local

L = Z q; | i) —my; |q; i Z GZ,,G’“”“
a=1,....,8

1=u,d,s,c,b,t

q(z) = ¢'(z) = Qx)q(x)

1
. 1, 1
A = A = Q4071+ - 00,0

Gauge transformation
« SU(3) (special unitary) local color gauge symmetry is an exact
symmetry of nature, i.e., it holds at each point in spacetime




BFE_E" QCD Lagrange Density

Flavor Symmetries - global

QliD—Mq|Q — G-
u(z) My 0
d(x)
When T, — Tq

Q(x) — VQ (aj) o OeD Lagrnos dongtr

V is a spacetime independent SU(2) matrix

S
|

Spectrum of the Hamiltonian classified into irreps. of flavor SU(2)
e.g., the neutron and proton are degenerate - the nucleon is a doublet of SU(2) 7



QCD Lagrange Density
Chiral Symmetry - global

L=Q[ih-MylQ — G7

QiP—Mqg|Q = Qrilp QL+ QrilP Qr — QL MqQr — @RMQ}QL

InVN NOT Invariant

Q. — L Qr
Qr — RQr

Condensate spontaneously break chiral symmetry <@RQ L)Z = v(Sg

Goldstone’s theorem : massless particle for each broken generator : 3 massless pions

18

Explicit chiral symmetry breaking by quark masses : small pion masses
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Quantum Effects - Path Integral

So far only classical Lagrange density !
Quantum effects included via the path integral (as usual)

7 4
aTV= = | d*x L+L L
Z x | DADg;Dq; enl 4T LFHLg s+ Lanosts
v ()
Planck’s constant dictates fluctuations away from classical field configuration(s).

Integrate over all possible values of every field at each point in spacetime
Observables dictated by expectation values over these fluctuations

19



QCD Lagrange Density

Quarks and Gluons are confined

VO (1) (GeV)

Gluon Energy Density
(Derek Leinweber)

Flux-Tubes between
color charges

F~2x10°N

/AQCD

u Z%

Low-lying o\ High-lying

QQ gg QQ

I N I
// \l[”
411~ )

[w J,W

:/

12 .
g1z 1 r(fm)
g2

u g|#
AV
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L. Z.& ! QCD Lagrange Density

Quantum Effects - Renormalization group

0.5 July 2009 |
. o a(Q) | | |
RG is used to sum the contributions s a Deep Inelastic Scattering
from quantum fluctuations with wavelengths ¢4 | oe ¢'¢ Annihilation 1
smaller than the scale of physics of interest | 0@ Heavy Quarkonia
As there is no intrinsic length scale, |
~ Log(Q/u), which can become large. 0.3}
e.g., g(M), m(p) to describe quantities
involving momenta Q ~ |
0.2 t
Observables are independent of
YOUR choice of RG scale, u
. . . 0.1}
Dimensional transmutation relates
dimensionless coupling constant to =QCD as(Mz)=0.1184£0.0007

quantum-induced scale, Aacp 1 10 160

Q [GeV] 3
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Low-energy QCD
Quarks A
p,nl/\, and QCD
2, = Gluons M, m, M
Aocp Aqgep  Aqep
(Hyper)
Nucleus | (e

& 3
' _A

Vibrational and rotational
excitations

Spin-pairing

Shell-structure

Small number of input parameters
responsible for all of strongly
interacting matter

Refine predictive capabilities for
low-energy nuclear physics with
complete uncertainty quantification



The Roadmap from QCD
to Nuclear Physics
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Fine-Tunings Define T~
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c Proton Y Gamma Ray

® Nuclear physics exhibits fine-tunings
o WWhy ?7?
® Range of parameters to produce sufficient carbon ?

e | arge cancellation in NN interactions - weakly bound
deuteron 24
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Energy Scales \,r::'
Dynamical Degrees of Freedom

-Lattice QCD
= 2 GeV

vionful EFT
== - = s == ) MASS/2

>©“"C§i> pionless EFT

~ 70 MeV *



Why Lattice QCD

® Nuclear Models provide a QM interpolation FoRCEBaRACTIo]

"
of experimental data Eﬁé’ﬁ?“i.%t |
® FT1s for Nuclel & ™

e model dependence largely pushed to higher orders - truncation
® proliferation of counterterms for higher precision - run out of constraints
e momentum and quark-mass expansions below p~1 GeV (350 MeV)

® pionful - chiral symmetries of QCD
® required to rigorously describe nuclei at physical light-quark masses - -
® momentum expansion below p~70 MeV

® pionless - ERE (Bethe 1930’s), EFT generalization in 1990’s (SNO analysis, etc)
® not rigorously applicable to nuclel, but numerically seems to not be too bad (why?)

e Lattice QCD B J ;;% 4

® valid below p~11/a - corrections to QCD ~(a p)" - no truncation “j

® a~0.1fm~ (2 GeV)"! i
® systematically remove by extrapolating calcs with different a's glion  quark
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A Discretized Euclidean Spacetime |

< E == =< == ' ' .
7a [W W\ I [W W\ 7z L% \ [W W\ . W\ . n
I s e e Lattice Spacing : | attice Volume
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Systematically remove non-QCD parts of calculation through the Symanzik action
and p-regime effective field theories

\ > Thermal effects can be problematic, requires

" mq.1 > 10

27




Lattice QCD: |
Simplest Discretization : Gauge Fields

PMV(x)

P = Un(@)U, (& + ) UL (@ + ) U} (@)

4
P/u/ = 1 — ’I:G2G'UJV a2 G/U/Glﬂ/ -+ ...

HMWAK: find the a® contribution, and find a set of other loops to add to exactly cancel this term.
This is called “"improvement”. 28
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Simplest Discretization : Gauge Fields

(@) Py ()
\0 ® ¢ ¢ ¢ ®
: : : : “— : : Z [NC_TY[PWH — /d4x %GWGW-I-...
S G 2 U W S G S 2
2N
S = 5 Z [Ne—Tr[Pu]] B = =F
T,u>V g

N¢ is the number of colors - shows how to generalize to possible BSM physics or
to explore hadronic and nuclear physics on the large-N¢ limit of QCD.

B=6.1 corresponds to a lattice spacing of a~0.11, and
3=6.3 corresponds to a lattice spacing of a~0.09 for N¢=3 29



Lattice QCD:

Simplest Discretization : Scalar Fields

¢(£B o a) -~ eikwe—ika ¢(£C) -~ eikx

6 (@)R(x) > —56"(2) (8(z + ajp) + Bz — ap) — 26(x)

4 k
= o (%)

—Zcp (2)0,¢(z) = ;Zsinz (%) — K Cngﬁ
H H

Lorentz violating

30
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Simplest Discretization : Scalar Fields

Dispersion Relation

~ 1/a

kX 31



Lattice QCD:

Simplest Discretization : Fermions

Lorentz violating 32



Lattice QCD:

Simplest Discretization : Doublers

Tried to describe 1 massless particle, but actually got 16.
The 15 at the edges of the Brillouin zone are called doublers

Doublers

0,0,0,0) deg =1

(Tva,0,0,0) . deg=4
a,/a,0,0) : deg=6
Wa,iv/a,/a,0) :deg=4
T/a,1/a,v/a,v/a) : deg="1

33
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Lattice QCD: S T

2

Less Simple Discretization : Wilson Term

Simplest way to eliminate doublers is to include the Wilson Term:

L 5(2) (@ — af) + $(o + af) — 26(x)) — - sin? (%)

2a a

— arkz 4+ ...

Breaks chiral symmetry - no gamma matrix
iIntroduces a bare mass term for quarks, chiral symmetry breaking higher dim. operators4



Lattice QCD:

Symanzik Action and Improved Dlscretlzatlons

Py ()
()
\. @ . @ @ @
@ o @ . .
e
. @ @ @ @ @
Ut
® @ @ @
X 1T 11
/ ? Sclassical ERePﬂ Z { SPMV le 1_;RV“ } + COIlSt]
X, >V
—I———)

H /d4 ZlTrF2 (a4).

35



Lattice QCD:

Tadpoles and Improved Discretizations

Uu(X) contains
(at quantum level)

d*q 1 T ,
tadpole ~ / B = 0 (DR) ~ 3 (Lattice)

tadpole improved

Quantum gauge action S ZRe[-ﬁ Z { 5 P;jly R,m/ ‘|‘ Rl/u}]
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Improved Discretizations : Improved Gauge Actlon

0L = asria®)y Tr(F,D;Fu)

: ki From momentum scales above 1va
T 0720 Z Tr(DuFroDyFyo)
787
2
T QsTr3a Z Tr(DyFuoDyFuo)
TR

_|_ JURIN

Can add these terms directly to LQCD action and tune coefficients
OR remove by adding more loops to discretization to improve action to order a2a2, a4

e

P .
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Improved Discretizations : e.g. the Clover Action

Broken chiral symmetry means that :

o the quark mass suffers arbitrary shift
o UV physics induces low-energy chiral symmetry breaking operators into action

Sheikholeslami-Wohlert term

0L = a c1 Yo, GFY

Add this to action and tune c4 to eliminate order-a effects (remain in operator).

This is called the clover action
38



Lattice QCD: &

Chiral Symmetry : Ginsparg-Wilson fermions

Sp = a' ) _P(x)D(x - y)y(y)

1. Require a local action D(x)| < ce”™ 7

2. Require the correct continuum limit D(p) — ﬁ + O(a2p2)
3. Require D to be invertible, i.e. no doublers

4. Require chiral symmetry 75D + ny5 — ()

Nielson-Ninomiya Theorem (1981) : Cannot satisfy all of these !!!!

Wilson term violates 4
Staggered fermions (Kogut-Susskind) violates 3 .



Lattice QCD:

o Chlral Symmetry : Ginsparg-Wilson fermions (1982

Sp = a' ) P(z)D(z — y)P(y)

4. Require chiral symmetry

’75D -+ D’)/5 = 0 # ’75D + D’}/5 = a 2R D’75D

< &

4

ASHERSS

vanishes for eigenstates

D™ (p) + D™ (p)ys = a 2R s
vsD~(z) + D7 (z)ys = a 2R 5 6" ()

chiral symmetry preserved for any non-zero separation

T— € Y5 (1 — aD)w lattice chiral transformations

L ¢ o)y _ Domain-Wall fermions : Kaplan
¢ w (1 G,D) 5 Overlap fermions : Neuberger *
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The Mechanics

Simply do the integration over quark fields analytically
— . 4 —
/ Dy Dp e~ T2 VKV — det (K)

In perfect world - would just do the integrals, but instead we sample over snapshots of the
gluon fields:

DU, O[] det[s[U,]] e~ 5™
1 i\’: .

\
/4

aLm

gluon cigs

Large computing resources are required to calculate a statistically decorrelated
ensemble of gauge-field configurations - snapshots of the quantum vacuum.
Capability compute platforms (Leadership-class) are required for this purpose 41



Lattice QCD:

Current sizes

Configuration : e.g.,
Vol = 32 x 32 x 32 x 256 lattice sites
Vol x 4 x 8 = 268 Million independent real numbers

to define Uu(x) (generally double precision)

Propagator : e.g.,
32 x 32 x 32 x 256 lattice sites
~ 100 Million x 100 Million complex sparse matrix

(to invert and take determinant)

42
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Metropolis Algorithm:
Start with a set of links {U}

- Select Ui

* Pick U’;

- Evaluate S(Ui) and S(U%) ,
« Accept U’; with probability min[ 1, exp(-S(U%) )/ exp(-S(U) ) 1 £
- (if action is smaller - always accept)

- Repeat over all links and many times
After a long period of time the {U} with have a distribution exp(-S(U) )

P e ——— e W — — i — i~

Downside - it is very slow as this has to be repeated on each link sequentially
and there are a large number of links

Not practical for Lattice QCD

43



Lattice QCD:
Configurations : HMC and Sampling

Figure from: “Improving dynamical lattice QCD
simulations through integrator tuning, using Poisson Brackets

HMC Algorithm: o fore rdrtnerir .. O

Start with a set of links {U} Prys ReuboAOTIon?

To generate one HMC trajectory:

- Assign to each link a Gaussian distributed canonical momentum {p},
hence the variable {U,p}

« Compute Hamiltonian of this system, H=p2/(2) + S(U)

 Perform Molecular Dynamics evolution of the variables using
Hamilton’s equations to give {U’,p’} (need reversible and area
preserving integrators to evolve)

 Accept {U’,p’} with probability min[ 1, exp(-H(U’,p’) )/ exp(-H(U,p) ) ]
(if Hamiltonian is smaller - always accept)

- If rejected, new state is {U,p}

Hypersurface of Constant H

Repeat to produce another trajectory

Advantage - all links updated at once through Hamiltonian evolution in
fictitious time

Tuning of evolution is essential to optimize productivity a4



Lattice QCD:

Configurations : HMC and Quarks

/ Dy Dy e~ S 42 VKV — et (K)

Do Dol e[ 42 K0 — et (K)

Pseudo-fermions typically are fixed along a given HMC
trajectory, but re-sampled at the beginning of each.

Multiple MD time scales due to different forces

(different sectors of the action)

0T

T T4 071/2 7'+=57'

A S b

T T+6T/2 T —i—=57' 45



Lattice QCD:

Solvers and Quark Propagators

D) xy[SWU)lyx, = Gx,x,

light-quark propagator Source

lterative using Krylov-subspace solvers
CG, BiCGstab

Condition number of D gets larger as quark mass is reduced toward physical
- critical slowing down in convergence

Preconditioning used to improve condition number

46



Lattice QCD:

Solvers and Deflation

COMPUTING AND DEFLATING EIGENVALUES WHILE SOLVING MULTIPLE RIGHT HAND SIDE LINEAR SYSTEMS
WITH AN APPLICATION TO QUANTUM CHROMODYNAMICS

- lteratively solve for each source

A L b location to a given tolerance.
. QZ' — e.g. CG, BiCGstab,

- Heavy on CPU, light on memory

* Inversion solved exactly for all source

B A2 locations
UAU T = i ibiti
LA = . - Computationally prohibitive - cpu and memory

Determine the lowest p eigenvalues and
eigenvectors - tune the number p

Re-use for all sources.

, Memory heavy - depends on p.

U AU -1 _ . lteratively solve in reduced space.

Better condition number.

Set-up costs” recovered with large number
of sources Y

>~
 —

>~
S
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Solvers and Quark Propagators

QUDA Solver performance on Titan
Cray XK7 system
1 NVIDIA K20X GPU per node
Gemini Interconnect

The DD+GCR solver does

considerably better than the
standard BiCGStab

But even DD+GCR is affected by
strong scaling effects

450
400
350
300

2 250

o

I 200

-

150
100
50
0

Strong Scaling, QUDA+Chroma+QDP-JIT(PTX)

L L L | | | |

G-© BiCGStab: 72°x256
G5 DD+GCR: 72°x256 | -
561 BiCGStab: 96°x256
£-A DD+GCR: 96°x256

B Joo, F Wlnter (JLab) M Clark (NVIDIA)
| | | |

0

DD = Domain Decomposition Preconditioner

GCR = Generalized Conjugate Residual
multigrid not yet ported to GPUs

512 1024 1536 2048 2560 3072 3584 4096 4608
Titan Nodes (GPUs)

Balint Joo (26°14)



Lattice QCD: o,
Algebraic Multigrid and Quark Propagators

Critical Slowing down iS Caused by ;near ZerO, Image From: http://computagc:;.jl:zlff&/facs:'c;(;c(:32001 fliers/SLS/SLS01.html
modes %

Multi-Grid method
separate (project) low lying and high lying modes

solve for high lying modes with “smoother” NS e

solve for low modes on coarse grid with reduced 1000
dimensional operator

double precision CGNR e
mixed precision CGNR e
double precision BiCGStab
mixed precision BiCGStab =——#—
mixed precision multigrid e

Gauge field is ‘stochastic’, so no geometric smoothess on ¢

low modes => algebraic multigrid B ow00r [ W,
Setting up restriction/prolongation operators is costly g 10-12x Spoed e
Easily amortized in Analysis with O(100,000) solves N -

;0.086 -0.084 -0.082 -0.08 -0.078 -0.076 -0.074
mass

Multi-Grid. fi from J. C. Osborn et. al. PoS Lattice 2010:037,2010, R. Babich et. al.
Phys. Rev. Lett, 105:201602,2010

physical point
Balint Joo (26114)



Lattice QCD:

Contractions of Quark Propagators

Large number of Wick contractions

» 1 Proton : N ot = 2
¢ —9 235 ) - N cont — 1()1494
¢ —

. ) Neont. = uld!s! (Naive)
« — — (A+ 2)(24 — 718!

Symmetries provide significant reduction

SHe : 2880 — 93

Recursion Relations are crucial .



Lattice QCD:

Contractions : Hadronic Building Blocks

é"

'Z

e.d.,

Free quark indices
to contract later

Proton Fourier
S Transform

Construct shell-model” interpolating operators at the hadronic level
to overlap onto nuclei (?) 51



Lattice QCD:
Setting the Scale

Everything that is computed with lattice QCD is in terms of lattice units.
Without EM and isospin breaking, need to tune mu=md , ms, Aacb

Of course, there is a need to convert to physical units to make predictions for quantities with
dimensions, such as masses and radii.

1) Ma, mn, mk:Mqis quite insensitive to up,down masses

B=5.95 B=6.20

LA B B B

2) Force between static quarks wal 1]
' B P I A P
B B T T
Vir) = A or  F(r) = o s ] 10 1.
r r2 : i A

7“8 F(rg) = 1.65 I'o ~ 0.5 fm from expt/phen charmonium, bottomonium

52



) c?_ea\' sics j’\' e, W | P = " 0 c?_e’c“ sics [:M e, W | P =
$((\ Sg) & . vi/ e \?k W - \$((\ zg\ 4 . 1/ - N \
SO o altlice : A I
]
Setting the Scale

3)  Wilson Flow 0S

06

Bu = D,Guy, Bu|t=o

Gu = 8MBV _ 8vBu + [B/u B, D, =0u+ [Bua - |

@ ¥ ¢ @ @ 5 @ @ S

W [fm] P G 0, fb\ r§° r§§’
0.178 | (MKz 2,2) 0. 205 ]
d a a 0.176 Ei o188 — |
W(t) T t% <4G/“/G > 0.174 |
0.172
- = 0.17 |
., =03, wy = 0.1755(18)(04) fm  °°
Gaussian smearing parameter - simple to calculate 001 002 003 008 0.3 00 007 008 009

w- = ﬂ MSbar renorm. scale related to smearing scale o
T



& Lattice QCD: s &
Recovering SO(3) from H(3)

=

y — Cido
7 SRV)
v G — 30:10
N | — 5
v Na = — o 1t 30;30
A : =
N X
1a N\
\
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Lattice QCD:
Recovering SO(3) from H(3)

Hold all physical scales, and the renormalization scale fixed when
taking lattice spacing to zero

T

- Survives at quantum level in QCD - smearing is critical so as not
N ~ 1o "see” the UV cubic structure

Lo N Y
V—

7
| - s ,.e\ i !
"
PN

=N
. o~
[
giv‘ -
N % i

Multiplicity of irreps of H(3) allow for combinations to approach
SO(3) states - both in position space (a) and momentum space (L)

of

55




Lattice QCD:

Statistics of Correlation Functions

7t Propagator | A Propagator | H-dibaryon Propagator
The results of a quenched Lattice QCD calculation of the 7 , A , and H-dibaryon correlation functions. The gauge—field configuration was generated with
the DBW?2 gauge action on a lattice with 16 sites in each spatial direction, 32 sites in the temporal direction and a lattice spacing of approximately
0.12 fermis. The masses of the light quarks were chosen to produce a pion mass of m,~ 350 MeV and a kaon mass of mx~ 490 MeV.

The colors of the background show the (Gaussian—smeared) local action density, while the black contours are a topographical map of
the given correlation function.
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Lattice QCD:

Statistics of Correlation Functions

7t Propagator A Propagator H-dibaryon Propagator

The results of a quenched Lattice QCD calculation of the 7 , A , and H-dibaryon correlation functions. The gauge—field configuration was generated with
the DBW?2 gauge action on a lattice with 16 sites in each spatial direction, 32 sites in the temporal direction and a lattice spacing of approximately

0.12 fermis. The masses of the light quarks were chosen to produce a pion mass of m,~ 350 MeV and a kaon mass of mg~ 490 MeV.

The colors of the background show the (Gaussian—smeared) local action density, while the black contours are a topographical map of

the given correlation function.
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Lattice QCD:

Statistics of Correlation Functions

/ ﬁ =3.961%x10°% 3
/ g [ .
n Propagator A Propagator H-dibaryon Propagator

The results of a quenched Lattice QCD calculation of the 7 , A , and H-dibaryon correlation functions. The gauge—field configuration was generated with
the DBW?2 gauge action on a lattice with 16 sites in each spatial direction, 32 sites in the temporal direction and a lattice spacing of approximately

0.12 fermis. The masses of the light quarks were chosen to produce a pion mass of m,;~ 350 MeV and a kaon mass of mg~ 490 MeV.

The colors of the background show the (Gaussian—smeared) local action density, while the black contours are a topographical map of

the given correlation function.
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Lattice QCD:

Analysis of Correlation Functions
e.g., the pion E(X, t)%d(x, t)

Cr+(t) = Z (0] 7~ (x,t) #7(0,0) |0)

X

(the mean value of measurements from

different sources throughout the ensemble)
B e—Eot
S 2 (0 7 (x,0)ln){n|x*(0,0)[0) — |Zof*

e—Ent

2F,
_ 0.23}
e.g., the effective mass
1 Cr+(t) E) :
Mg (t;t;) = — 1 — my L
e (ti%7) T (Cw+(t+tJ)) "

=02 I; II:I‘IIIIIHHIII"IHIIIIHHIIIIHHIIIIIIII]ﬂ]l[H““

Non-Gaussian (interacting field theory)

~ Log Normal in plateau region evolves into
symmetric but non-Gaussian at late times

Effective Mass Plot ”
0 10 20

30 40 50 60 70

. 80
t (tlu)



Lattice QCD:

Noise is Worth Listening to

e.g., Nucleon Correlation function

<9N<t)> — Z Ff_a <O‘ Na(X, t)Nﬁ(0,0) ‘()> — I e~ Mnt

X

At long times - non-Gaussian symmetric distribution - signal-to-noise problem
2n+1

<((9}Lv9N)2n> ~ e Snmart | <(9}LVHN) > ~ o~ Mnt,—3nmnt

At short times - asymmetric distribution - no signal to noise problem
n
((040w) ) ~ et

60



Lattice QCD:

Noise is Worth Listening to

Energy scale of the signal-to-noise ratio

1 — _ 0.5 e _
025 04
2 *) ﬂﬂﬁ 2 0s 1
S 015 I : s
E My — §m7T EHH < 020 2My — 3my, Hﬁ.._;-_
0.10 9 ﬂ _ s HH
05 | : -3
ﬂﬂ %ﬁ@ﬂ | | THIIIIHIIH 3
"0 10 20 30 40 50 60 % 10 20 30 40
t/b; t/b;

61



5 Ph?/

Analysis of Correlation Functions

- One averaged correlator per configuration per species

» Block multiple configurations down to ~ 100 decorrelated correlation functions

 Central Limit Theorem has distribution becoming Gaussian - mean equals median

- Jackknife and Bootstrap resampling techniques commonly used as samples typically have
residual correlations

« Quitliers present from initial non-Gaussianity - disturbs mean but not median

- Robust estimators (Hodges-Lehmann etc).

0.750¢ I
I

j —

> 0.720} [
S 0710}

0.700} ||
0 2 4 6 8 10 12 14 16 18 20

t (l.u.) ,

= 1 ..
= 0.730} L - I [ ‘_

@® Mean
@® HL estimator




Lattice QCD:

Effective Mass Plots and Plateau Fitting

iaj>7:min
] 1 al _ _
G(t) = N;Gk(t) - Cs= FN =D Zj (Gi(t:) — G(t:)] [Gi(ty) — G(t))]
1 215l
2 1.205¢ N 17 7 - Statistical uncertainty from y2
O S T e T e ||  Systematic uncertainty from baryon
fit region
1.195[
| 4 3 1216 20

t/b 63



'),Q\S\ea\' Ph|y ’LQ\S\an PhP/

Effective Mass Plots and Plateau Flttlng

- Excited states require correlation functions with the same quantum numbers but different
spacetime structure at the source and sink (with different overlaps onto the lowest-lying states)
- Also requires good temporal resolution to distinguish/identify multiple exponentials

20+ N* A*
:- ' . |
i | I
1.8' I- (— - |
- B I
I - . l- —
[ ' (= | (—
i |
| % (— :
" =):
c 147 :- == |
S | — :
I | |
- | l
1.2_ | :cza R
T |
i |
1.0' |- :
' ! — |
i | I
i | |
0.8_ | |
L | '
061+t 3+ 5+ 7+1 1— 3= 5- 77 ¢ 1% 3% 5% 7+, 1- 3— 5- 7° 64
2 2 2 2 1 2 2 2 2 2 2 2 2 1 2 2 2 2




Lattice QCD:

Statistics of Correlation Functions

AR
D ) -
-‘@S}vﬁg@s '

fJunett

I
e

0.005; vvvvvvvvvvvvvvvvvvvv T 0.010 ?., — 7 7T Tj
0.004 ° 0.008 - 1AN scaling
oM, 0.003

My 0006

M; 0002 **=s—u . My 0004
0.001 - saturates at low src densityé 0.002 | P
0.000 F 0.000 bt
0 20 40 60 80 100 0 20 40 60 80 100

N Fixed number of cfgs Newe

0.010 T ; 0010 F T :
0008+ 1N scaling - 0.008 | 1N scaling -
6 My 0.006 . 6My 0006 °
My 0004 \\\\ My 0004
0002 | 0.002 | M\._
OOOO— ......................... ~ 0000—1111111—

0 200 400 600 800 1000 1200
chg

Fixed number of srcs

0 200 400 600 800 1000 1200

N cfg
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Lattice QCD:

FV Effects - Uncertainty Quantification

0.211 . | . . . . | :
| ¢ M, data i
8 baryons + kaon/eta
0210~ — 8and 10 baryons + pions + kaon/eta N
|| — - 8 and 10 baryons + pions .
- — 8 baryons + pions
02097 10stat SU() fit
X 1o stat+syst SU(2) fit _ 7
. 0.208 -
S |
'-DH
0.207 —
0.206 n
0.205 —
0.204 | | | | | I | | | | |

0 0.001 0.002 0.003 0.004 0.005 0.006
Exp[-mL]/m_L

Low-energy EFT dictates form of the volume extrapolation 66



w o cheal R T $ 5 - N &
S &(&?j Bme 15 — a ICe S fgﬁﬁ&neﬁ e
- S P
'Dw # = Q g g TS

Dispersion Relations - Uncertamty Quantification

>

~ v =1.016 +-0.019 +- 0.001

0 0.1 0.2 0.3
(2mb/L)*

Do not expect them to be ""as bad” as the quark and gluon dispersion relations as the typical
momenta of the g’s and g’s is much smaller. 67
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Ph?/sics

S sic /!,V' O,
@3\23? 7 @k«f e:g\ & O’ 4
s ‘\‘*m‘r'm'eﬂs ) a |Ce O %‘*rJu"n"ms 2
w . ol o w e

=

1.2 | | 1 | | I | | 1 I I | | | | I | 1 | I I | 1 | I
B p=022 -
1.195
q:t;’
+M .
~  1.19
i N _
- 1 e m O.O4mS :
1.185 — o m1=0.1ms N
I 1 1 | | | 1 | | | I | | | | I | | | | I 1 1 | |
0 0.005 0.01 0015 0.02 0.025

a’ (fm°)

Symanzik action and low-energy EFT dictates form of lattice-spacing extrapolation s



’)Q\S\ea Ph|y5|'cs /‘, PN,
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Sy D | -

Uncertainty Quantification - Error Budgets

Error frv My T mp(10GeV)
Statistics 0.0
Zv [k 2.5 0.3
perturbation theory/a, - 0.3
uncertainty in a 1.6 0.0
lattice spacing dependence 3.4 0.4
sea-quark mass dependence 1.0 0.0
b-quark mass tuning 1.0 0.0
NRQCD systematics 1.0 0.3
electromagnetism 7, annihilation 0.0 0.0
total 4.8 0.7

Error (Uncertainty) Budgets are standard in Lattice QCD - to provide a breakdown of the fully-

guantified uncertainties of the calculation(s). .
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Status and Future
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Lattice QCD s
USQCD Collaboration

Chroma

SSE Dslash

Ancient History
QCDSP : 1998 Gordon Bell Prize

Frrrr e

L

QCDOC ASIC DESIGN

2 MBytes of 8 Gbyte/sec 1 Gflops
I'lﬂl*(r‘r’r\dw')P'*l‘/ emory/Processor Double Precision
—— andwi RISC Processor

24 Link DMA
Communication
Contro!

24 Off-Node Links

Bootable
1 Ethemet
Interface

Complete Processor Node
for QCD Supercomputer on a
Single Chip Fabricated by IBM

Scientific Discovery through 74
Advanced Computing
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'),0\5 'LQ\S\ea( PhP/Sl'CS 1

ar Ph?’Sl—CS )

\e \ o ‘ A 7 | (© hoo g
A& 6choo [ A . e
’b\. ((\e S9) N i ﬁ(\’b O QSS\ N
O Hinetsos s dattice . O Runelis2s

Results - quark masses

FTAG2013 Mud FTAG2013 Mg
our estimate for Ny =2 +1 -l our estimate for N¢=2+1
RBC/UKQCD 12 s HIEH gggégggg:lz) 12
I PACS-C3 12 —=C— Laiho 11
Laiho 11 BMW 10A
g BMW 194 | — HH PACS-CS 10
. PACS-CS 1 . HPQCD 10
- Rala HPOCD 10 y L RBC/UKQCD 10A
+ = g RBC/UKQCD 10A cﬁ' | PACS-CS 09
o~ Iy Blum 10 H HP%CD 09A
[l —{ PACS-CS 09 Z“‘ = MILC 09A
o ) HPQCD 09A | » MILC 09
= - MILC 09A O PACS-CS 08
—SH MILC 09 . — — | RBC/UKQCD 08
O PACS-CS 08 ; : CP-PACS JSL CD 07
~ H— RBC/UKQCD 08 —< HPOCD
H ﬁl;—gégSO/JSLQCD 07 —O— MILC 04, HPQCD/MILC/UKQCD 04
— .
—— MILC 04, HPQCD/MILC/UKQCD 04 -l our estimate for Ny =2
—l— our estimate for N¢ =2 _“—I—* élﬁwfllz
Q Dirr 11 i—* eI 108
1 1 |
[ O LOCBIRWQCD 08A cﬁj T " EMO7
- 1 |
I H—— J|=u3c 07 o —H—0 | (S)'g:QDCde UOKSQCD 06
- B — ETM 07 < i — ALPHA 05
= 1= TP Oedk 0520 0° | 1 0 QCDSF/UKQCD 04
1 — | LQCD 02
T QCDSF/UKQCD 04 KO JLQ
& JLQCD 02 ] —OH CP-PACS 01
d H{>H CP-PACS 01 (@) A PDG gg
—— Dominguez 09
c —— PDG 74 qc) : ® : Chetyrkin 06 89
q’ — oY Nareog e 02 o1 < — 006 o1
} { arison
S —e— Maltman 01 03 Q o | Vainshtein 78 92
2 3 4 5 6 MeV 70 80 90 100 110 120 MeV
Ny My, mq My /My
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b & Lattice

Q S Pune 15 25, P . ]

Results - Nucleon

1.6
' ¢ (]
1.5} "
1.4} .
! &, P
:
;‘1.3 g
() ,
(D 12 :mfwb ,
— * physical
. 11t ﬁ ﬁgﬁm
E 1 }, }  LHPC 2008
- T
1.0} t xQCD 2012 ]
' P -
= RBC: Preliminary DSDR | |
I | RBC:a~!=1.75(3) GeV
0.8l | RBC:a!=231(4) GeV
0.0 0.1 02 03 04 05 06 0.7 0.8

M N — 800 MeV + ez Unexpected behavior !!
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Results - Nucleon Size

0.7 , : I l l
PDG - e+ coarse 483x48 . m  coarse 323x24 -
} uUp —<—  coarse 323%96 < coarse 24°x48 @
coarse 323x48 & coarse 243x24
fine 323%64 v -

0.6 - @ -

i an
u thinl
‘ v CHIMPANZEES

MRS
> ‘e°
. & 4
for. "a o
- T rvil &y °
E“ P Yoo
Y oo O\
Y o XN
R
() N

(r?)S (fm?)
o

0.4 | 1 .

L HPC
LHPC : Green et al, arXiv:1404.4029
0.3 Phys.Rev. D90 (2014) 074507
|

0.10 0.15 0.20 0.25 0.30 0.35 0.40
mz (GeV)

PDG value of neutron properties

First LQCD calculations at

physical pion mass during 2012 75


http://arXiv.org/abs/arXiv:1404.4029

n
Results - Nucleon Axial Charge

2?’§ics f,& ¢ Ph?/‘sfcs e

1.24 1.26 1.28

r " T 1 7 - L
Experiment
* Perkeo II 13
UCNA 12 14— 11— .
UCNA 10 [ 1 :
Spectrometer ‘02 2 1 1
ounter 01 1.3} *
TPC 97 [ 1 .
e Counter 97 1.9 - 1 } -—}" _ { ]
., 7*11  Spectrometer ‘86 Tl { 3 ;
U L L L I b B I [ | [ ]
2+1f Lattice < 1.1F . L -
—e— LHPC '12 0 F | .
-t LHPC '10 L :
~—=—  RBC/UKQCD 08 1.0F ¢ 1 -
el Hmforeinos 07 L *ETMC 2+1+1f TM ]
F9f Lattice - B 0.9 * Experiment 1 ®PNDME 2+1+1f Mixed -
e CLS 12 . YLHPC 2+1f Clover ®CSSM 2+1f Clover
T EIMG IO 0.8 " RBC/UK 2+1f DSDR ® RBC/UK 2+1f DWF -
! QCDSF 13

10 12 14 0 0.05 0.10 0.15 0.20

gAIgv M2 (GeV?)
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Lattice QCD:

Results - Nucleon Strangeness

® Disconnected diagram only
® Need propagator at each point in the lattice volume
e GPU’s have allowed for major progress -




N e

Results - Nucleon Strangeness
Balgich et gl 2012

i’oint-spli{ current —
0.04 e
Mn ~ 400 MeV Local current
0.02 |
N@ 0 {T }T }
»n < ¥
: o
S -002 t
-u X
®©
g -0.04
@)
GCJ | | | | 1 |
= 0 0.05 0.1 0.15 0.2 0.25 0.3
22
= ag q 0.8 GeV?
Engelhardt (2012)

As = —0.031(16)("))(1)(4)(3)(4)| mn~140MeV



Lattice QGD: b2 AL
Results - Nucleon Strangeness

Babich et al 2012

1 I 1 1

0.04 | | -
Mn ~ 400 MeV
8 0.02 + .
Ng 0 N T T T
;.EJ N\ L I I i
O 002+ -
-0.04 i 1 1 1 1 1 1 |
0.04 . I 1 | I 1 I ]
/;é 0.02 r .
No 0 T T T
N [ I j
@) -0.02 l .
-0.04 i 1 1 1 1 1 | |
0 0.05 0.1 0.15 0.2 0.25 0.3
2232 0.8 GeV?

® Recent analysis : Shanahan et al, arXiv:1403.6537 79



http://arXiv.org/abs/arXiv:1403.6537

5 T
n S ey
NVF6cho0t s ¥ g
. ATl : L&
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u B 2’0.' — S

Results - Nucleon Strangeness

Pari Junnarkar’s PhD thesis @ UNH (Beane)

Junnarkar and Walker-Loud, Phys.Rev. D87 (2013) 11, 114510

_fs
- m 0.063(11) [29] ny =2+ 1

3 —— 0.032(25) [22] ny =2
S| 1= 0.012(*1)) [24] ny = 2
2 - 0.014(06) [25] ny =2+1+1

e 0.048(15) [26] nf =2+ 1
» - 0.035(33) [36] ny =2+ 1
3 0.0095223 R7ns=2+1 N — N
a —.— 0.046(11 [28] nf =2+ 1 — 4 1

IO N 1 () N ) L2t s W ms< ‘33‘ > 48 + 10 = 15 MeV,

c 0.023(40) [271n;=2+1
s —-— 0.033(17 [21] n; =2+ 1, SU(3) - L
Bl | 000(E)  3tln 21 fs = 0.051 £ 0.011 £ 0.016
L 0.076(73) [32] n;=2+1
S 0.024(22) [33] ny =2+ 1, SU(3)
3 0.022(+41y  [34]n; =2+1, SU(3)
& . [35] n; =2+ 1, SU(3)

—— 0.053(19) present work

y € 0.043(11) lattice average (see text)

0.00 0.65 O.iO

fs

® Feynman-Hellman - 2pt function
® VN as a function of ms
® multiple ensembles of lattices
® Operator Insertion
® Mmultiple propagator calculations a0
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B B

/ 8 TeV, 3.7 fb{! LHC
0.010F __---8TeV, 25 fb‘i\LHC—
40 ucn/cc 2 ucn/ec [ -7 ////IIT&Y: 300 tb™ RHC
1 T “B” Spectrometer [ /// / AN \\\ \\
“b” calorimeter 30 KV 3 w A . N 7
. I‘ pea n P Ve > -/ p P N \\ \ |
I Py (BT A T 0005/ NN \\—
- | ’ y N \ \ |
¥ Scintillator Silicon Detectors w0 | / \ \\‘} \
UCN — W N
Source N UCN Guide 1 ' \ \ \| 4
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7 T Polarizer Spin-Flipper S~ SR \ / A
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—0.005F Nucl + Future Exp + Future gg 7
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-0.002 -0.001 0 0.001 0.002 0.003

® | QCD calcs at pion mass of 220 MeV

® | ooking toward 140 MeV 82/;
PNDME collab
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Bhattacharya et al, Phys.Rev. D89 (2014) 9, Phys.Rev. D85 (2012) 054512



Lattice QCD:
Results - n-Body Physics

(Derek Leinweber, 1. °0f

- Self-consistent extraction of S-matrix elements, with uncertainty quantification
* V(r) not possible without Modeling

84
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Results - Malani-Testa Theorem

GNN (S)Euclidean G‘NN (S)I\/Iinkowski
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Below Inelastic Thresho

ds:
Measure on lattice =2 §F = 2\/p2 +m? — 2m
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50

Bound-state or
Scattering state ?

pcot d(p) = L S(<27]:) )

S(M)

L l L l L L l
-100 y
3 - -

Non-interacting particles L

g::gO — a=r=J{ n = (nr,ny,nz)
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Results - Resonances

Dudek et al, Phys.Rev. D87 (2013) 3, 034505

my, = 391 MeV

. s e -

. e S

" GlueX Detector

mpr = 854.1 = 1.1 MeV
g =5.80=+0.11

g’ PR
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30+ a L =29fm

n ~ 400 MeV
0 o= T T T T T
800 850 900 950 1000 1050 Ecm /MGV

0- resonance successfully determined
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Lattice QCD:

Results - Excited Meson Spectrum
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Results - Coupled Channels
M ~ 390 MeV J)effe'?son Lab

Dudek et al
+ +
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® Parameterization of the T-matrix required
® Regions include systematics from many different params. ™
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Lattice QCD:

Results - Coupled Channels

Dudek et

m = Re /so / MeV .gEf'f;I%On Lab

multi-hadron coupled channels
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Mr ~ 390 MeV
-300 +
Bound states and Resonances from [-matrix
QCD predictions at these quark masses
—fforts to extend to
—xtended to KK systems, but less developed
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Lattice QCD: o

Results - |=2 pion-pion Scattering
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Results - Multi-Meson Systems
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Results - Nucleon-Nucleon Scattering

200
L o L=24,[P|=0
L=32,|P|=0
= i
150f : Levinson's Theorem
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O 100¢ i ~— -
EO \ : { 2
Q 1 ~
T, : &
—~ 0 l 0
& i N
\(Q i 1.
0 \ O NPLQCD nf=3
E : Experiment
-so} _ _ . _ i _ _ 0 , . . , . : : :
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0 100 200 300 400 500 600 700 800 900
K/ M, (MeV)

n ~ 800 MeV

7 Deuteron appears to be unnatural but not finely-tuned fel
EEED Generic feature of YM with ni=3
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Results - Nuclel
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Results - Nuclei - Quark-Mass Dependence

current production

preliminary
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Results - Nuclei - Toward the Periodic Table
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Results - Nuclei - Dark Matter Interactlons( )
N u Clear G—te rm S (Beane et al, Phys.Rev. D89 (2014) 074505)
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Lattice QCD:

Results - Hyperon-Nucleon Interactions

Meissner+Haidenbauer - Experiment + YN-EFT (LO)
60
50|
__40F
2
S 30+
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-- Juelich ' 40 — NSCO7f
10+ - EFT . -- Juelich '04
50— EFT
% 100 500 300 200 500 -60; 100 500 300 200 500
PLas (MeV) P, Ag (MeV)

S MR

nannels IN dense matter
- of hyperon

Cancellation between ¢
energy-shif
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Lattice QCD: !

Results - Hyperon-Nucleon Interactions
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NPLQCD - Lattice QCD + YN-EFT (LO)
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il energy-shift of hyperon
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Lattice QCD:

Results - Nuclear Magnetic Moments

Magnetic moments of light nuclei from lattice quantum
chromodynamics

S.R. Beane, E. Chang, S. Cohen, W. Detmold, H.W. Lin, K. Orginos, A.
Parreno, M.J. Savage, B.C. Tiburzi

Published in Phys.Rev.Lett. 113 (2014) 25, 252001

e-Print: arXiv:1409.3556 [hep-lat]

Mg ~ 800 MeV Vs Nature

3H 0.6 - {
———————————— 0.4+ :

d 02 e -

00—+

ou [LNM]

02 L _____ -

*He 04+ ]

Nuclel are collections of nucleons
- shell model phenomenology!
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Lattice QCD:

Results - A Feshbach Resonance!
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Results - Exotic Nucleli

k\) gah

©%059) A

@@ ..~ B
SN Runel15- f
‘ZIDQ

0 .
Lattice QCD | _ 505 Mev

= 1
: L
= (]!
[
< mL=32

B L=-w

— 100 N7, d 7. PP 1c "He Tc "He Tlc 4H€J/¢

(Beane, Chang, Cohen, Detmold, Lin, Orginos, Parreno, MJS , arXiv:1410.7069)

Athenna

Jefferson Lab

experimental effort led by
Zein-Eddine Meziani
Temple
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Results - Nuclear Parity Violation

(Wasem (Uw/LLNL) 2011)
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Recent Formal Developments

Two-Nucleon Systems in a Finite Volume:

(I) 3S1-3D1 Coupled Channels and the Deuteron
Raul A. Briceno, Zohreh Davoudi, Thomas Luu, MJS

L =10 [fm]

Mass density of
boosted deuteron
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q) °
2 —_——
|*_|
£a
d=(0,0,1)
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Raul A. Briceno, Zohreh Davoudi, Thomas Luu, MJS

Phys.Rev. D89 (2014) 7, 074509

INT Program : Quantitative Large Amplitude Shape Dynamics:
fission and heavy ion fusion
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Lattice QCD:

Recet Formal Developments - i-Periodic Boundar
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Lattice QCD:

Recent Formal Developments - QED

The potential with

LA N N

- - -~ — —

XNt oA
AL N T / /4
A A o
- >
/ Y \
YV b oy s
P A A TR NN

A

A A
A A

A

/

periodic BCs

108




Lattice QCD:

Recent Formal Developments - QED

Zohreh Davoudi and MJS
Published in Phys.Rev. D90 (2014) 5, 054503

FV NRQED, e.g., 0
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4772 22 ek
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Recent Formal Developments - QED - Scattering
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Quantified Impact of Algorithms

How to solve optimally “

T | T | T | T | T | T | T | T
10000 = %e—x 2 x 20 PF & Moore's law

| — 5% allocation, 10% of peak efficiency
| — 10% allocation, 10% of peak efficiency

1000 E

wollniti Cost
- Multigrid analysis : 1/104actualy™ -
e Multigrid lattices+173+projected) 3

=T

oql— L o I .
T3 2017 2015 2016 2017 2018 2019 2020 2021 2002 2025 2024 2005

-

Cumulative cycles (PF years)

® Multigrid is current (new) technology...

® \What is next ?
® Requires talking/collaboration with CS and AM researchers

;' Scientific Discovery through
Advanced Computing
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Contractions - 2012
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e.g. *He : 0.8 core-seconds per time-slice

— Orginos+Detmold algorithm

Phys.Rev. D87 (2013) 11, 114512
see also, Doi and Endres,
Comput.Phys.Commun. 184 (2013) 117 06
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Lattice QCD:

Resource Estimates

FOREFRONT QUESTIONS IN NUCLEAR SCIENCE AND
THE ROLE OF COMPUTING AT THE EXTREME SCALE

J Scientific Grand Challenges

From QCD to Nuclei [IZ':,'?J;‘;Q?;?" from LACD

January 26-28, 2009 + Washington, D.C.

(Deuteron axial-charge )

Precision meson-meson
interactions

D Neutron
. . ?
 Baryon-baryon interactions

» Baryon-meson interactions

Electromagnetism
| . | , | . | , | | | Isospin Breaking
0.01 01 1 10 100 1000

Sustained Petaflop-Years The Real Deal '
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Lattice QCD:

How much iIs that ?

~ 1 Gigaflop
B~ 9 thousand core-hours/year

—xaflop = 10° Petaflops = 10° Teraflops = 10 Gigaflops

~33.9 Petaflops, 17.6 M\Watts
~3 million compute cores
(32K Ivy Bridges, 48K Xeon Phi)

Tianhe-2 [china]

US will ¢
eX

eploy ~100 Pflop machines ~ 201/7-18

oect ~ 1 Eflop machines ~ 2022



Lattice QCD:
Status as of 2014

2007-2014 ...

Structure of Meson and Baryon

the Baryons Spectroscopy
multiple L, T, lattice spacings multiple L, T
multiple discretizations one lattice spacing

N predictions for mq(phys) resolved spectrum
mapped out resonances

Y,

7

@ [qq]( 25+1L)
|40 MeV 300 MeV

2 ot
&‘1&
‘2

Hunel 15 25_"/ .

Nuclei and

Nuclear Forces

multiple L, T

one lattice spacing

light (hyper-)nuclei, scattering
simple properties of nuclei

800 MeV

Pion Mass
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Next Few years

‘2

* physical pion mass with ng=1+1+]+]|
* electromagnetism

* precision calculations

* multiple lattices volumes with large T
* multiple lattice spacings

* multiple discretizations

e fully quantified uncertainties

e complement experimental program

* guide future experimental program

* provide critical inputs for theory

|40 MeV 300 MeV 800 MeV

Pion Mass




Lattice QCD:
The Bleeding Edge

10
AS: — experiment
ol | [AE] e QCD+QED| -
=) () prediction
o ' |
— O )
= ~ AD
2 | T
s 4 —
= * X % AECCI
4o *
5| AN < * ’ :
_ nJ’— . * * Aea
-p mass splitting * * *
o+ 3 o
SBMW collab

Physical up, down, strange anc
~ully dynamical QCD+QED

charm gquark masses
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Closing Remarks

Lattice QCD is beginning to provide first principles
predictive capabilities for nuclear physics s
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