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The Structure and Interactions of Matter
from Quantum Chromodynamics

Quarks
and

Gluons

Proton

Nucleus

Spin-pairing Shell-structure Vibratignal and rotational
excitations

Agcep

1y ™ q g
Agcp Agep  Aqep
e

Small number of input

parameters responsible for all
of strongly interacting matter
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Jnification of Nuclear Physics
uantifiable Uncertainties

e - R o :
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ATTRACTION Many-Body Methods
e EFT, LatticeEFT,
N % (T2 GFMC, NCSM
RADIUS &y /TN
- \ / Predictions with

e ™ Quantifiable Uncertainties
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-iIne-Tunings define our Universe

® Nuclear physics exhibits fine-tunings
o Why ??
e Range of parameters to produce sufficient carbon ?
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A = 12 Energy-Level Diagram
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HyperNuclear Programs
J-PARC, FAIR, JLab,

Approved proposal at J-PARC
+ EO5 “Spectroscopic study of =-Hypernucleus, ?Be, via the 2C(K",K*)
Reaction” by Nagae and his collaborators

study of 3He and JH is the most useful Day-1 experiment
because both of the spin-doublet states are observed. / K*

-B, 4He -Ba 4H /<‘ \
S o 5
OMeV  3He+A 0 MeV 34 \. /

+

ik -1.00 = hypernucleus

-1.24
0+ Spectroscopy of = hypernuclei at J-PARC

230 -2.04
T vewamnss
/ \ 0 MeV pn+= pnn+= SHe+= SHe+= 9Be+= HB=
Q O ' 2 @S T an¥s"TT Tttt e

o 12 4 (a*=)pnn

| |
o 17
I 2 HB+z
: ! (a+a+Z)+n

= _ o

E. Hiyama (2008)

2
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2
'\
Silas Beane Emmanuel Chang William Detmold Huey-Wen Lin Tom Luu Saul Cohen Pari Junnarkar
New Hampshire Barcelona William+Mary / MIT ~ U. of Washington LLNL U. of Washington New Hampshire

7

Kostas Orginos Assumpta Parreno Martin Savage Aaron Torok Andre Walker-Loud e?
William+Mary Barcelona U. of Washington ex-New Hampshire LBNL ..!Eff Son Lab

... to make predictions for the structure and interactions of nuclei using lattice QCD.

USQCD  US Lattice Quantum Ciromodynamics
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Iwo-Particle Energy Levels
(Luscher’s Method)

Below Inelastic Thresholds :

Measure on lattice

OFE = 24/p2 +m?2 — 2m

p cot o(p)

1
L

/

SVAVAVY

/—\/ n=(1,0,0)
n= -

n=(3,0,0)

n=(2,0,0)

S((Lp)z) At1*
Al (L=0,4.68,.)
A |
]
S( n ) — |.‘2 e 17!';\‘}
=~ il> =7

Gives the scattering amplitude at oF
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A1t
Bound-state or
Scattering state ?

. 1 Lp\*
pcot o(p) = 7 S(()—:) )

-|00 1 17 1 l L 1 l

s | 27T
| | | k= —n
Non-interacting particles L

V=0 — a=r=20

S — oo n = (nx,ny,nz)
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Beyond S-wave
e.g. Aot , L=06

Luscher phenomenology :
Tom Luu et al, Phys. Rev. D83 (2011) 114508

2e+06

1.5e+06
1e+06
500000 |-
0 [
-500000 |-
-1e+06 |
-1.5e+06
-2e+06 L
-4 2 0 2 4 6 8
~2
q
' 27]_ 13 1
13 _
g “cotdy = (L) =y X
61220 . (1252) n 66824,t1 (1;52) B IGOméﬁzﬁ.u (1§(72) B 40(7428.0 (1§62)
A5 17 323 19/17
N 2592\/2_16221(),[) (1, 62) + 1980212.0 (1; 62) + 264\/ 1001312,4 (]., 62)
7429 7429 7429
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Bound-States
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Zohreh Davoudi et al, Phys. Rev. D84 (2011) 114502

—~ e-L/RX_|_ Ce-L/Ry + d e-L/RZ
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Multi-Volume Anisotropic Clover

»_ Study by NPLQCD .!effegon Lab
gt L 2L 2009 - 2011

lattice spacing : b ~ 0.123 tm

plon mass : my ~ 390 MeV

fermion action : Clover
anisotropy : & ~ 3.5

1"
L'_{‘;'

resources :~ 80 x 10° core hrs
m.L~4,5, 6,8 m,T~9,9.9, 18

Thursday, August 16, 2012



Anisotropic Clover Multi-Volume Study :

Detalls
0.6
0.5 || L cfgs SICS
—_ 0.4 = tecccccccscccscccrccernnngas 09§§;}:};+.] ‘
= 111
= 03 | 24 2215 | 390,000
Fd (0.2  *teccceseccccccececescscscssesesescscscscesesssssieosany
| p
01 @ mp(s) 32 739 | 135,000
10 20 30 40 50 6
t (t.l.u.)
L3xT 163 x 128 203 x 128 243 x 128 323 x 256 Extrapolation
L (fm) ~ 2.0 ~2.5 ~3.0 ~4.0 0
my L 3.86 4.82 5.79 7.71 0
m,T 8.82 8.82 8.82 17.64 0
My (t.1u.)| 0.21004(44)(85) 0.20682(34)(45) 0.20463(27)(36) 0.20457(25)(38)| 0.20455(19)(17)
My (t.lu.) | 0.22446(45)(78) 0.22246(27)(38) 0.22074(20)(42) 0.22054(23)(31)| 0.22064(15)(19)
My (t.l.u.) | 0.22861(38)(67) 0.22752(32)(43) 0.22791(24)(31) 0.22726(24)(43)| 0.22747(17)(19)
M= (t.L.u.) ]| 0.24192(38)(63) 0.24101(27)(38) 0.23975(20)(32) 0.23974(17)(31)| 0.23978(12)(18)
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| Multi-Volu

Finite-Volume

me Study :

Baryon Masses
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adrons to Atomic nuclei

Dibaryon - An Exotic Nucleus
irst QCD Calculation of a Nucleus Qmoc

APS » Journals » Physics » Synopses » Binding baryons on the lattice

Binding baryons on the lattice

LLambda

¢~

LLambda

Evidence for a Bound H Dibaryon from Lattice QCD
S. R. Beane, E. Chang, W. Detmold, B. Joo, H. W. Lin, T. C. Luu, K. Orginos, A. Parrefio, M. J. Savage, A. Torok, and A. Walker-Loud (NPLQCD Collaboration)
Phys. Rev. Lett. 106, 162001 (Published April 20, 2011)

Bound H Dibaryon in Flavor SU(3) Limit of Lattice QCD
Takashi Inoue, Noriyoshi Ishii, Sinya Aoki, Takumi Doi, Tetsuo Hatsuda, Yoichi Ikeda, Keiko Murano, Hidekatsu Nemura, and Kenji Sasaki (HAL QCD Collaboration)
Phys. Rev. Lett. 106, 162002 (Published April 20, 2011)

50,
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10,
:
-10.
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BH (MeV)

‘.‘ &

H-di bargon

NPLQCD n;=2+11 -
HALQCD nf SV

02 04 06 0.8

- (GeV?)

O
oL_

108 core-hrs, 1 PB data
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—xotic Nucleus
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Two-Body Bound States (l)

O ng=2+1
15 ® y=9
S 10
= .
g t
QQ
0
—4 0
\ \ ! _5 ! \ | |
—-0.15 —-0.1 —-0.05 0 0.05 0 200 400 600 800

(IK|/my)* My (MeV)
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Hyperon Nucleon Interactions

Meissner+Haidenbauer - Experiment + YN-EFT (LO)

60

50

O (degrees)
S
[

- hSeErs
-- Juelich' 40 — NSC97f
10 - EFT . -- Juelich '04
S0 = EFT
ol | | | | I 60 | | | | I
0 100 200 300 400 500 0 100 200 300 400 500
P ag (MeV) P, Ag (MeV)

Cancellation between channels in dense matter
energy-shift of hyperon
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Hyperon Nucleon Interactions

NPLQCD - Lattice QCD + YN-EFT (LO)

60 301
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Cancellation between channels in dense matter
energy-shift of hyperon
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The Golden Window

T
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b~0.123 fm
20x20x20 x 128
pion ~ 390 MeV

02447 T
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From Anisotropic to Isotropic
Clover Configurations

13
]
9
!
i3
3
1 .
1
3
3

] "
Q |
230 MeV, % NPLQCD n;=2+1m
323x256, 10 HALQCD n;=3w
mL=4.6 > yL 02 04 06 08

m72T (GeV?) (Physical strange-quark mass)
® Binding becoming smaller at smaller pion mass

® FV effects getting larger for fixed volume

—
o
O ;——— —————L——‘——‘——-

® Need larger volumes and better statistics

® Don’t have resources to complete In reasonable time-frame
® Can’t compete with K-machine head-on

® Only need 1 or 2 levels cleanly - not 10 (at present)
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Many Nucleons (Baryons)

Large number of Wick contractions

Proton : N eont = 2
239 | - N cont — 1 (1494

¢ —9 Neont. = uldls! (Naive)
- - = (A+ 2)1(2A — Z)!s!
~ A’ (Kaplan)

Symmetries provide significant reduction

SHe : 2880 — 93

Recursion Relations
Other Tricks
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Multi-Volume Isotropic Clover

Study by N

PLQCD

In Search of Nuclei

op~0.1451¢

e SU(3) Sym

m
metry Limit

o M ~ 800 MeV
® [sotropic Clover

.!effer%on Lab

mL~14.3, 19.0, 28.5
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Isotropic Clover Multi-Volume Studly :

Detalls
e s 5 3 t } l B CfgS SrCs
S, 24 | 3822 |183456

@ 32 | 3050 | 73200
0.5 ‘ AA

° ; 10 15 2 48 1212 38784

t/b
ensemble,  |n| =0 n|?2 =1 nl? =2 n?=3 In|? =4 n2=5

243 x 48 |1.2028(10)(02) 1.2286(11)(01) 1.2538(13)(02) 1.2787(16)(02) 1.3020(20)(03) 1.3256(23)(03)
323 x 48 |1.2040(15)(06) 1.2188(15)(5) 1.2336(16)(6) 1.2484(17)(8) 1.2624(19)(8) 1.2770(20)(10)
48% x 64 |1.2022(21)(05) 1.2087(22)(06) 1.2152(23)(06) 1.2216(24)(06) 1.2281(25)(11) 1.2341(26)(12)
)

L =oc |1.2034(13)(03

Label L/b T/b B bmg b[fm] L [fm] T [fm] my [MeV] mz L mx T Negg Nere
A |24 48 6.1 -0.2450 0.145 3.4 6.7 806.5(0.3)(0)(8.9) 14.3 28.5 3822 48
B |32 48 6.1 -0.2450 0.145 4.5 6.7 806.9(0.3)(0.5)(8.9) 19.0 28.5 3050 24
C |48 64 6.1 -0.2450 0.145 6.7 9.0 806.7(0.3)(0)(8.9) 28.5 38.0 1212 32

Thursday, August 16, 2012



A-body SU(3) Structure

® | ocal operators
® Spin Projection

88 =27T01001098s;08, &1 A=2

(8®8B8®8)jeyjp: — 3503502708

_ A=3
(8R8®8 ),y — 27010010080 1
(8RB8R8R8 ),y — 1B27T® 28
(8®8®8®8),,1+ —» 8010410435 A=4
(8®8R8®8 ),y — 8027
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A-body SU(3) Structure

I
9
'8
3
0
1
}
1
19
1
.
.

Label A s I JT Local SU(3) irreps This work

N 1 1/2 1/2+ 8 5
A 1 -1 0 1/2* 8 8
) 1 -1 1 1/2+ 8 5
= 1 -2 1/2 1/2* 8 8
d 2 0 0 1T 10 10
nn 2 0 1 0t 27 27
nA 2 -1 1/2 0t 27 27
nA 2 -1 1/2 1" 84, 10 —
ny 2 -1 3/2 0t 27 27
ny 2 -1 3/2 1t 10 10
n= 2 -2 0 1+ 84 8.4
n= 2 -2 1 1+ 84,10, 10 —

H 2 -2 0 0t 1,27 1,27
3H, 3He 3 0 1/2 1/2* 35 35
SH(1/27) 3 -1 0 1/2% 35 -
2H(3/2%) 3 -1 0 3/2+ 10 10

3He, 3 H, nnA 3 -1 1 1/2* 27, 35 27, 35
5.He 3 -1 1 3/2* 27 27
‘He 4 0 0 0t 28 28
4He, 4H 4 -1 1/2 0t 28 —

A He 4 -2 0 0* 27, 28 27, 28
A=Z"pnn 5 -3 0 3/2* 10 + ... 10
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SU(BE) Symmetry
2-Body Spectrum
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—100

NPLQCD : e-Print: arXiv:1206.5219 [hep-lat]
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Deuteron and nn :
All Lattice Calculations
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’r\ LEE éf SU(E) Symmetry
3 %ﬁ L 3-Body Nuclear Spectrum

(0 e
>
O
2 0.17
g 0.05/ $ L=24 , |p|=0
E —50 T ®  L=32,p=0
= O L=32,|pl=1
~0.05} L=32 | |p|=2
—— S5 | R 1 B S L=48 , |p|=0
35 0 4 8 12 16 20 24
/b O L=48 , |p|=1
® L=48 , |p|=2
1 +
3He(5 ) p+p+n pp+n d+p
—100

NPLQCD : e-Print: arXiv:1206.5219 [hep-lat]
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SHe :
All Calculations

30
‘ nf=2+1 (Yamazaki et al)
‘ nf=0 (Yamazaki et al) [
= 60 - ‘ nf=2+1 (NPLQCD)
D)
=S
m 40"
;D.
L
o)
20 - [ I
|
0)

0 100 200 300 400 500 600 700 800
m,. (MeV)
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SU(E) Symmetry
3-Body Hypernuclear Spectrum
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~ =50 [
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: 35
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SU(BE) Symmetry
4-Body Nuclear Spectrum

50
Contractions ~ 0.8 core-second per time-slice
]
%
= -0 0.17
ﬂ 0.05
o 0.
<
© _005 L=24, |p|=0
28 Oy L=32, |p|=0
O e s  is 20 4
L=48 , |p|=0
" @
— 150 4He(0+) p+p+n+n d+p+n nm+p+p nn + pp d+d He + n

NPLQCD : e-Print: arXiv:1206.5219 [hep-lat]
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“‘He :
All Calculations

140 - ‘ nf=2+1 (Yamazaki et al)
120 nf=0 (Yamazaki et al)
R ‘ nf=2+1 (NPLQCD)
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b Eer SU(3) Symmetry
; *%B - 4-Body Hypernuclear Spectrum

50
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ﬂ — 100 0.05!
28 0.
Qo L=24 , |p|=0
< -0.05 ‘ P
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L=32, |p|=0
_150. ~0.15/
27 0204 8 12 16 20 24 ‘ L=48, Ipl=0
t/b
A+A+p+p pp+A+A pAGsl) +p+ A 2 x pA(1s0) 3He + A
—200
AAHe o™ AA+p+p pA(1s0) + p + A AA + pp 2 x pA(3sl)
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SU(BE) Symmetry
5-Body Hypernuclear Spectrum
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-03
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t/b
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,[\; gﬁ f SU(3) Symmetry |
DL Summary Spectrum from Isotropic
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Volume Dependence ?

AE (MeV)

50

I
W
=

‘ L=24 , |p|=0
—100¢
L=

—150¢ 4He(0+) p+p+n+n d+p+n nn+p+p nn + pp

A>2 : Volume dependence unknown

‘He : R << 3.5 fm

Thursday, August 16, 2012




T
sl

—El a | R s A ' :
’rﬂi# ‘E“-"_. Medium A Nuclel :
B e Developments in Contractions

12
]
e
2
o
1
3
9
e
|
_

*He (SP) *He (SS) ‘C(SP) C(SS)
. . v . [T e HOpr = v v v v = v v v v v v v v v v v ov oy v oo
40+ 4 a0
0 =0
20 X
. . ’ L
= = ‘. < 1 =
» i ! < ! C G
K-~ 0 Ry ! ‘ ‘ r.:', 0 1 ' ’ ,_‘-.', ° | 1
= ; = o ! -] . = .
2 ¢ 0 ' ’ !
! %0 2 0 '
Im [ I A . . l“-' - Aad I AI -{ -
0 0 0 . 0 0 10 20 30 0 0 0 0 w0 40 0 10 0 W 20
¢ |70 3 e v
"Be (SP) "Be (SS) 0 (SP) 50 (SS)
) ' 150 v - 150 v
) : 0
30 *J 20 100 100
20 1 = 2t %0 . 0
o0 “ 0 . & l g
= ' = ' 0 0 =
- _an ) ' - -2 ! ' o = - '
0 P 0 ! 0 [ . , S0
]
: i . | il [l 1
0 10 i 2‘0 i 31- 40 0 I 20 0 & Al 150 - | x

A ’ s b > | A " A ‘ ' . ’ ’ bt A
0 0 20 W 40 0 10 20 K1 &0

(Detmold and Orginos, arXiv:1207.1452)
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A Challenge

‘ L=24 , |p|=0
50, — ‘ L=32, |p|=0
L=48 , |p|=0 I
o ‘ L=12 fm , |p|=0
]
>
S -50
a8
<
—100-
—150 4He(0+) p+p+n+n d+p+n nm+p+p nn + pp d+d He +n

Nuclear \Wavefunctions?
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Summary

® Algorithmic progress in contractions

® s-shell nuclel and beyond
® ONngoing

® A < 5 ground state energies (not physical pion mass)

® -ncouraging progress in A > 4 systems

80
‘ nf=2+1 (Yamazaki et al) 140 - . nf=2+1 (Yamazaki et al)
nf=0 (Yamazaki et al) 120 nf=0 (Yamazaki et al)
__ 60 ‘ nf=2+1 (NPLQCD) —_ @ ~f=2+1 (NPLQCD)
> = 100+
= Z o
m 40" m I
o o 60
&= =
201+ [ 40 -
20 ¢
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0 ! ! ! ! ! ! ! ! 0 ! ! ! ! ! ! ! !
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
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An Unnecessary Diversion
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A Primer -
1990 : Luscher says ....

| —
l’.' _2‘

| s
l’.':-/d:.‘

Explicitly, the stationary effective Schrodinger equation in the centre-of-

mass frame reads
1 1 ! » ! I -~
—EA‘QI:’(P)'FE/CPT Ug(r.r')¥(r) = E¥(r), (7.1

where the parameter F is related to the true energy W of the system through

W = 2v/m? + mE. (7.2)

The “potential” Ug(r,r') is the Fourier transform of the modified Bethe-
Salpeter kernel Ug(k,k') introduced in ref.[3]. It depends analytically on

38

EUTSCHES ELEKTRONEN — SYNCHROTRON D

ESY 90131
ey 1900

\\
, "',

Two-Particle States on a Torus and their
Relation to the Scattering Matrix

Nrol
—~—
)
/

M. Luscher
Deutsches Elektronen-Synckrotron DESY, Hamburg

E in the range —m < E < 3m and is a smooth function of the coordinates r
and r', decaying exponentially in all directions 1. Furthermore, the potential

It therefore follows that....

Taking U to be energy-independent is a mode

dependent assertion and not a QCD predictio
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A Reminder
2005 : Aoki says ....

{ = 2 Pion Scattering Leagth from Two-Pion Wave Functions

S. Aoki,” M. Pukugita® K-1. blikews’ N. bhiccka "' Y. Inaki,' K Kazays
I'K Y. Kur owvn,” A Ulovws I
PACY boralion
wol of nd App
1 shuba, Tk ldarah
; P~ * Institate for Cosmic Ray Research,
The static two-pion wave function ¢(Z; k) with the energy eigenvalue E = 2\/ k? 4+ m? = il 1> g ol At

in the center of mass system on a finite periodic box of volume L? satisfies the effective E
Schrodinger equation (14, 16 :

(A +K)o(@ k) = [ &y Uu( oK) (1) i —

where & and ¥ are the relative coordinate of the two pions. Ux(&, #) is the Fourier transform Bl o et Wi oot 5 et o = L90D OO o 199,38 0 et
of the modified Bethe-Salpeter kernel for the two-pion interaction on the finite volume [1—4!], ' | '

and is related to the off-shell two-pion scattering amplitude (see Appendix/Al). It is generally e e
non-local and depends on the two-pion energy. It should be noticed that k% in (I) is not a S

arXiv:hep
¢

It therefore follows that....

Taking U to be energy-independent is a mode

dependent assertion and not a QCD predictio
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Back o Reality
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HyperNuclear Programs
—M results

Hypernuclear y-ray data since 1998
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