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Why Lattice QCD 7
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The Structure and Interactions of
Matter from Quantum Chromodynamics

and

Gluons AQCD

| TN, mq M g
(Hyper) Aqcp Aqep Aqep
Nucleus
e

Small number of input

/: parameters responsible for all

e of strongly interacting matter
Spin-pairing Shell-structure Vibrational and rotational
excitations
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Lattice QCD

Using a Discretized Spacetime

e A e N Lattice Spacing :  Lattice Volume :
e a<<1/Ax  m;L>>2m
AmuC A g 182525 (Nearly Continuum) (Nearly Infinite Volume)
i e
o % .. | Bxtrapolationto a =0 and L = oc

Systematically remove non-QCD parts of calculation

<é> N/ by, é[uu] det|r|U).] eTIYM 1 Z 0[]

gluon cfgs
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Hadron Masses
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The Bleeding Edge of Lattice QCD
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SMW collab

® Physical up, down, strange and charm guark masses
® Fully dynamical QCD+QED
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Quark Masses

(Laiho, 2013)
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Form
“Vac

—actors and the
Jum Insertion”

(Laiho, 2013)
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KL-Ks Mass Difference
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mMr ~ 330 MeV RBC/UKQCD |
Expt:

AMpg = 3.19(41)(96) x 10~'% MeV, 3.483(6) x 10712 MeV
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& AI = 1/2 rule

ﬂ&meEuM |
>~ == =
’Iﬁe 2012 Ken Wilson Lattice lean{
To:
7. Blum C Ju RD.Mawhinney
P.A. Boyle C. Xe W\y CT. Sachrajda ~
N, Christ C. Lehn A. Soni .
N. Garr M. Ly;ﬁmu C. Sturm
T. Goode Q, Liu
7. Jzubuchi AT Lytle

T —® @ —@

Contraction Q@). Contraction ).

In recogmition of their paper titled
X 2 (n 1)y, Decay Amplitude from Laltice QCD

00‘0‘00000000‘0000\0'0

The 2012 XWEAPanel Members
S. Aok, W. Detmold, G. Fleming, D. Lin, H. Meyer, J. Zanotti

RBC/UKQCD

Redo ]9.1(2.1) for mg =878 MeV, m, = 422 MeV

ReA 12.0(1.7) for mg = 662MeV, m, = 329 MeV

A = 1/2 rule ReAg/ReAy ~ 22.5
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P a Coupled Channels Calculations
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Mr ~ 390 MeV J)effe?son Lab

Dudek et al
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Coupled Channels Calculations

Scatterin g.

e.’ s
]

Dudek et

m = Re /g / MeV ..!effe?son Lab
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Bound states and

Resonances from T-matrix

e QCD predictions at these quark masses

—fforts to extend to multi-hadron coupled channels
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Nucleon Structure

PDG value of neutron properties
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First LQCD calculations at

physical pion mass during 2012

LHPC : Green et al, arXiv:1404.4029
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http://arXiv.org/abs/arXiv:1404.4029
http://arXiv.org/abs/arXiv:1404.4029

Strange Form Factors of
the Nucleon

R ey Y ©
........

® Disconnected diagram on
® Need propagator at each

y

noint In the lattice volume
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Strange Form Factors of
the Nucleon

Babich et al 2012

i’oint-spli]t current ——
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Engelhardt (2012)

As = —0.031(16)(7$)(1)(4)(3)(4)| mn ~ 140 MeV
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Strange Form Factors of
the Nucleon

P
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Babich et al 2012

0.04 i 1 ] ] 1 | |
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® Recent analysis : Shanahan et al, arXiv:1403.6537
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http://arXiv.org/abs/arXiv:1403.6537
http://arXiv.org/abs/arXiv:1403.6537

Nucleon Matrix Elements

Pari Junnarkar’s PhD thesis @ UNH (Beane)

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

_fs
" 0.063(11) [29) ny =2+ 1
2 L 0.032(25) [22] ny =2
5 = 0.012(*17) [24) ny = 2
g u 0.014(06) [25]ny =2+1+1
. 0.048(15) [26) ny =2+ 1
. 0.035(33) [36] ny =2+ 1
3 0.000(22) 27N ns =211
5 - 0.046(11) [28] ns =2+1
BN 6.658?@)""[36];;;5;1' """
e ettt bttt 0.023(40) " " TRAR =2 FT T
§ —— 0.033(17) [21] ny = 2+ 1, SU(3)
= . 0.036(*3) [Bl)ny=2+1
- 0.076(73) [32]ny =2+1
= 0.024(22) [33) ny = 2+ 1, SU(3)
£ 0.022(*47) [34] ny = 2+ 1, SU(3)
3 : [35] ny = 2+ 1, SU(3)
. 0.053(19) present work
y € 0.043(11) lattice average (see text)

0.00 0.05 0.10

2 ® Feynman-

mg(N|5s|N) =48 £ 10 & 15 MeV ,

£, =0.051 4 0.011

Hellman - 2pt function

® VN as a function of ms
® multiple ensembles of lattices
® Operator Insertion
® multiple propagator calculations

0.016
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(Hyper)Nuclei from QCD

Beane et al, Phys.Rev. D87 (2013) 3, 034506, Phys.Rev. C88 (2013) 2, 024003

0 ._______________________________________________________,______1_; _____ 2-Body | 3-Body | 4-Body |
20 O =
1 E 1+t §+ E
—60} 2 > . 2
— 3+ 2
> 5 0
g —80
E — 100} o+ 0+ ot
—120¢
M ~ 800 MeV N
— 140}
160l d nn S3He  “He nX SH 3He 3He ‘“He EH_dib nE  ,iHe
s=0 s=—1 s=—2
Extensive study of s-shell nuclel and hypernuclel, and

baryon-baryon interactions at SU(3) symmetric point
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LQCD to Pionless EFT to Nuclei

LQCD Nuclei for 800 MeV pions Barnea, Conressi, Gazit,
® it 2-body and 3-body LQCD bindings Pederiva and van Kolck
® Predict 4-body, c/w LQCD prediction arXiv:1311.4966

140.0
N — ——— pionless EFT valid
|G L HQGD for nuclel
S 1000 | ‘ | e e —
E N T e Flrst Contact
60.0 | :
| AFDMC —a— | >< X X
EIHH —m—
00 b
1 2 3 4 5 6 7 8

A [fm~1]
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(Hyper)Nuclei from QCD

20
O L=24 , |p|=0
L=32, |p|=0
10 @  L-48, ppl=0
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-20 ] ]
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Light Nuclei :
Quark Mass Effects

current production

‘ NPLQCD 35 - ‘ NPLQCD, aniso

@ Yamazaki et al { 30t Yamazaki et al.
@ NPLQCD, iso l

00 700 200 300 400 500 600 700 800 0 200 400 600 800
my (MeV) My (MeV)
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The Structure of Nuclei :
Magnetic Moments

ou [LNM]
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Nuclel are collections of nucleons
- shell model phenomenology!
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=xotic Nuclel - Charmonium
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Nuclear o-Terms and
Dark Matter Interactions

NPLQCD : arXiv:1306.6939 (2013)

L=Grxx Y af 4¢ = Gr Xx Gasq
q

Gr _ d)y - d)\ _
- xx |(a” +ad)aq + (a5’ —a)ar’e + 2ass + .. ]

—> -
N i

R
N - N %n
N |
) 1

Required by QCD !

Usual assumption
P ow big ??
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Nuclear o-Terms and
Dark Matter Interactions

Nuclear o-terms

- B — - d
ozn = m{Z, N(gs)| uwu+dd |Z,N(gs)) = m%E(Zgj\),
m d (gs)
=1+ O (mQ) ] d E
[ g 2 dm, 4V
o-terms from the binding energy only
0 0
_10} ol
% i % ~40}
g -30} E ol
= —40f 2
S _sof S|
~60} =100
~700 100 200 300 400 500 600 700 800 ~1200—T00 200 300 400 500 600 700 800

M, (MeV) My (MeV)
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Nuclear o-Terms and
Dark Matter Interactions

NPLQCD : arXiv:1306.6939 (2013)

Nuclear o-terms

(Z, N(gs)| uu+ dd|Z, N(gs))
A (N| uu + dd|N)

6UZ,N —

20,

® NPLQCD
Yamazaki et al
@ Experiment

>

é) 10 — 1607141 <0.05
= |

RQ

- 60141 <001 | o ~ 400 keV

27
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Roadblocks of the Past

" . -20f
=N -
-80

g Contractions - 2012
no longer an issue for light nuclei -=

AE (MeV)

h :1:;) d mn SHe “*He | nZ }H 3He $He {He H-dib nE }H
e.g. *He : 0.8 core-seconds per time-slice
= (Orginos+Detmold)
0.6
05 .
' ' ~ 04 eteeceseesssessresssatennans "“?Eff;;;. ‘
Signal to Noise R oo
Large numbers of measurements = Window
SOUrce and Sink Structure iS Critica' 0.2 ooooooooooooooooooooooooooooooooooooooooooooooooooooo L]
01 @ P
® npCs)
0 .
0 10 20 30 40 50 60
t(tlu.) 28
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Future Computational Needs
Physics Obijectives

2007-2014 ...

Structure of Meson and Baryon Nuclei and
the Baryons Spectroscopy Nuclear Forces
multiple L, T, lattice spacings multiple L, T multiple L, T
multiple discretizations one lattice spacing one lattice spacing
N predictions for mq(phys) resolved spectrum light (hyper-)nuclei, scattering
mapped out resonances simple properties of nuclei

_ @
7
@ (44] (”25 'L)
140 MeV 300 MeV 800 MeV

Pion Mass
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Future Computational Needs

Physics Obijectives

Before 2022 ...

* 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

* complement experimental program

* guide future experimental program
 provide critical inputs for theory

140 MeV 300 MeV 800 MeV

Pion Mass
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Summary

!
™ |
5277 okl ]
= o
"{-\'\‘ WS f !

- N .. ByYy,
- !»"0 '\. r
) S \\\:(":
» \

I
L4 [\ Photons and Blectzons
2 / scatter from the
Atomic Ekctrqm

Lattice QCD is coming of age - precision nucleon physics and is starting to
determine the properties of simple nuclear systems.

Matching to EFTs extends reach of LQCD calculations

LQCD + Pionful theory calculations required for reliable exploration of DM
using direct detection results
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