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e fFuture directions




Quantum chromodynamics

e |attice QCD: quarks and gluons

......

SIRSRSRNN
\\\\\\\\
a5 -

|. Formulate problem as functional integral
over gluonic degrees of freedom on R*

2. Discretise and compactify system

3. Integrate via importance sampling
(average over important gluon cfgs)

4. Undo the harm done in previous steps

* Magor computational challenge ...




QCD Spectroscopy

e Measure correlator (¥ = object with g# of hadron)

Ca(t) = Z(OIX(X t)x(0,0)|0) (@) = () vsd(z)

. Unitarity: 2 I)(n] =1 A EEEEEEEEEEE -
—YY (0]x(x, t)|n) (n[x(0,0) 0}

. HamHtoman evolution t

=227 P00, 0)ln) (nfX(0,0)[0)

e [ong t|mes only ground state survives

= e PO(0; 0 (x0,1)|0)|* = Z e~ )



Fffective mass

o Construct M(t) = In[Co(t)/Ca(t +1)] == M

* Plateau corresponds to energy of ground state
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* Fancier techniques able to resolve multiple eigenstates
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Nuclear physics from LQCD

Can we compute the mass of 2%Pb in QCD?

Yes
(0]T'q1(2) - - - g624(t)q71(0) . . . G24(0)]0)

Long time behaviour gives ground state energy
up to EWV effects
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But...
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* Dynamical range of scales
(numerical precision)
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e Complexity: number of ki " eV
Wick contractions = (A+2)(2A-2)! W aiim s
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An (exponentially hard)? problem?

e Complexity: number of

Wick contractions = (A+2)I(2A-2)!

('I:r(tl )(lj(tl )(Ilj(tl.)a-,f(tl)a‘]: (tg)(lj-(t-_g)(lj(tg)(ll.,'(t-‘g)

* Dynamical range of scales
(numerical precision)

* Small energy splittings

* |mportance sampling: statistical
noise exponentially increases with A

O/ 2+ 994
keV
1/2-,3/2 204
A1/ D+ 868
820
3/2+,5/2+ 777.6
9/2+ +—658.9
5/2-,7/2- 597.8
6,{2:13;‘2)4. ssshhdidhbdecs ...551
772+ 499.1 2.2 PS
3/2- B 364.1
1/2- 66.7 0.499S |
L4
9/2+ —‘lJ'-‘E—o STABLE



[ he trouble with baryons

* |mportance sampling of QCD functional integrals
» correlators determined stochastically

* Variance In single nucleon correlator (C) determined by

0*(C) =({CCT) = [(C)
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[ he trouble with baryons

High statistics study using anisotropic lattices (fine temporal resolution)
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No? trouble with baryons

High statistics study using anisotropic lattices (fine temporal resolution)
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No? trouble with baryons

High statistics study using anisotropic lattices (fine temporal resolution)
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Interpolator choice can be optimised to suppress noise

Glden vvindw of
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signal/noise const



Multi-baryon systems

Scattering and bound states

* NB: Strong interaction bound states
Dibaryons : H, deuteron, ZEE
3H, *He and more exotic: *Hea, *Hean ...
Correlators for significantly larger A

Caveat: at unphysical quark masses no
electroweak interactions



Bound states at finite volume

* [wo particle scattering amplitude in infinite volume

8T 1
A(p) = M pcotd(p) — ip scattering

x~ phase shift
bound state at p* = —y* when cot §(i7y) = 1

e Scattering amplitude in finite volume (Lischer method)

COt(S(i/ﬁ)):i—iZ — ,{Liiov

* Need multiple volumes

* More complicated for n>2 body bound states



H-dibaryon

e Jaffe [19771: chromo-magnetic interaction

1 1 1
(Hp) ~ 7 N(N = 10) + §S(S +1) + 503 +C?

most attractive for spin, colour, flavour singlet

* H-dibaryon (uuddss) |=I=0, s=-2 most stable

1 -
Vi = (AA+ V3EY + 22N) kos 2007
K 2C =2K*AA X
* Bound in a many hadronic models ;

B Phase Space for
K''C—="Be(zs) K'AA
C..evs INC (FSI OFF)
R INCAFSI (f352)
T E  INC+FSI(ESCO4d)

e Experimental searches

* Emulsion expts, heavy-ion, stopped kaons

(d°o/dQdm) b/ (sr 7.5 MeV/c)
DR -
om

<
n
=]

* No conclusive evidence for or against i
L .

31 1
0 25 S0 75 100 125
AA Invariant Mass-2M, (MeV/c®)



H dibaryon in QCD

* Farly quenched studies on small lattices: mixed results
[Mackenzie et al. 85, Iwasaki et al. 89, Pochinsky et al. 99, Wetzorke & Karsch 03, Luo et al. 07, Loan |']]

e Semi-realistic calculations

i G -

"Evidence for a bound H dibaryon from lattice QCD” ‘;‘ ﬁ :
PRL 106, 162001 (201 1) P@ﬁf {:m)

N=2+1, a=0.12 fm, ms=390 MeV, [ =20, 2.5, 3.0, 3.9 fm

Hadrons to Atomic nuclei

"Bound H dibaryon in flavor SU(3) limit of lattice QCD" *
PRL 106, 162002 (201 1)
Ni=3, as=0.12 fm, mn=67/0,830, 015 MeV, L=2.0,3.0,3.9 fm

from' Lattcce QCD

 NB: Quark masses unphysical, single lattice spacing

* use a somewhat different method



b AE (AA 24%)

Ca(t) =Y (0x(x, t)x(0)]0) = Zpe™Mat

X

Can(t) = 3 {0]e(x, )$(0)[0) =X Zype™Enat

0.03 |-
0.02 }
0.01 }
0.00 :
-0.01 }

-0.02 -

H dibaryon in QCD

e [Extract energy eigenstates from large Euclidean time
behaviour of two-point correlators

CR(?)

* (Correlator ratio allows direct access to energy shift

j=3, x*/dof=0.899352, fit 22 — 42
b AE = -0.00296878 +— 0.000247967

AE = -16.7948 +— 140278 MeV
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0.015 i
0.010 }
0.005 }
0.000 :
-0.005 }

-0.010 &

R(t) = DA tox Zo-amn

j=6, x*/dof=0882173, fit 21 — 40
b AE = —0.00333967 +— 0.000321976

AE = -18.893 +- 1.82147 MeV
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\
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SImple extrapolations

After volume extrapolation
H bound at unphysical quark &
Masses

—1 cot

Quark mass extrapolation iIs
uncertain and unconstrained

B = 111,54 2.8+ 6.0 MeV

BIM = 4494 4.04 8.3 MeV

Other extrapolations, see

[Shanahan, Thomas & Young PRL. 107 (201 1)) 092004,
Haidenbauer & Meissner | 109.3590]

By (MeV)

Suggests H Is weakly bound
or Just unbound

* 230 MeV point preliminary (one volume)

1.- o
™~ 4.0 fm
0.6 -
QO fm
02
-0.2 -0.1
2
(QO/mﬂ)
40 i i ;
30 :
= | CCTY I
10 i | X
0- } th :
10 | 1 NPLQCD n,_2+1 B
ol | 3 HALQCD ny=3v
-20¢ L : _ . : : . _ : : 39
0.0 0.2 0.4 0.6 0.8
m, (GeV)




Deuteron

0.040

experiment
Fukugita et al. [7]

e Deuteron also
investigated

e NPLQCD

0.000{=z-]- 1

e PACS-CS SN
0

NPLQCD mixed [8]
Aokietal. [11]

%
O
. 3 > .
0.020F AE(CS 1) |GeV] |q pacscsv 21 |”
I A NPLQCD2+1fV__ [3]] ]
v NPLQCD3fV_ [4] | ]
=

This work 2+1f VOO

v
—y—

—p
]

e More work -0.020}
needed at lighter |
Masses 0040l

[Yamazaki et al. 1207.4277] |
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Deuteron also
investigated

e NPLOQCD
o PACS-CS

More work

Deuteron

0.040

0.020

0.000

-0.020

needed at lighter

MASSES
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Many baryon systems

* New approach to many baryon correlator construction

* |nterpolating fields — minimal expression as welighted

SUMms
Ny,

Yk 1 e i = - 7
=3 D G i g0y, )q(ag,) - a(as,)

k=1 i

 Automated generation of weights (symbolic c++
code) for given guantum numbers

* Baryon blocks (partly contracted at sink)

NpB )

z X ~(Cl C2, Cs)k z ,22,1 . . .
pat :UO E P E § b SS(Cil,ZB,a1,$0)5(0i2,$,ag,ﬂfo)S(CiS,ZU,ag,xo)

i

BCL1,CL2,CL3

WD, Kostas Orginos, [20/.1452
see also Dol & Endres 1205.0585



Many baryon systems

N, N,
k
/ DyDg e~ SecplUl J0 37, I gl e by
k'=1 k=1
SN e gtz inag(af ) gal,)alal,) % q(ai)a(ai,) - Glai,,)

WD, Kostas Orginos, [20/.1452



Many baryon systems

Contractions
S Moy WA
- — ~/a1a2 a,, ) ~\ai,as an k
(BN ()], = [ DaDgeSacoVl 3737y ey
k'=1 k=1
Z Zﬁjl J2 ]nq 67/1,’1/2 ’an q(a;nq) . q(a;Q)q(a/;l) X Cj(azl)q_(am) q_( an)
J 1

WD, Kostas Orginos, [20/.1452



Many baryon systems

Contractions

N/, Ny

L _t(a',ab-al VK a1,az2ang ),k
(BN ()], = [ DaDgeSacoVl 3737y ey

k'=1k=1

SOl ) glal,)q(al,) x (e, )alas,) - d(as,,)
J i
N/
-S ff[U] ~ Nw ~/(CL1 Qo+ a, )k ~(a1,a2---anq),k
& wy, h X
k'=1k=1 ’
Z Z J1:J2, 5 dng (4152257 tng S(CL;1 : azl)S(a;Q, aw) S(a;n ) znq)
J 1

WD, Kostas Orginos, [20/.1452



Many baryon systems

e (Contractions

NEONL©)],, — [ DaDge-Seenltl §° 3 ot th ko,
NN (0)] h

=1 k=1
SO g g a5,,) - alay,)ala),) x qlai,)alas,) - a(ai, )
J i

N! N, ( K
_ /(ay,a3°ay, -(a1,a2-an, ),k
= ¢ SerslUl g wy, wh, X

lkl

Zzeh J2505dng (11,02, 5ing S( jl’azl)S( ]270”&2)“ S(a;nq;ainq)

. Express in terms of blocks (quark-hadron)

WD, Kostas Orginos, [20/.1452



(AT ()

Many baryon systems

Contractions

00, = iy - 35 85 s,

Z D MBS CATCARL CRLCARL TN

B /(a1 a,2 a k’ _(a1,a2--an, ),k
Seff E E w Wy q <

k'= 1k1

Zzeh J25 5 dng (i1582,75ing S( jl’azl)S( JQ,CLZQ)..-S(a;nq;CLinq)

. Express in terms of blocks (quark-hadron)

 Or write as determinant (quark-quark)

{U AT K "
_ CLl CL2 CL ~\a1,a9---Qnp 3
o DU e St 1 W BT} 7" x det G(a'; a)
2 ( h h )
k’ 1 k=1
/
S(aj;a;) a €a’ and a; € a

/.
Glasa)j, { 5a a; otherwise ’
WD, Kostas Orginos, [20/.1452



Nucle

e Recent studies at SU(3) point (physical ms)

* |sotropic clover lattices

* Single lattice spacing: 0.145 tm

e Multiple volumes: 3.4,4.5, 6./ Tm
* High statistics

Label |[L/b T/b 8 bmg b[fm] L [fm] T [fm] my [MeV] Mx L Mg T Netg Nere
A |24 48 6.1 -0.2450 0.145 3.4 6.7 806 5(0 3)(0)(8.9) 14.3 285 3822 48
B |32 48 6.1 -0.2450 0.145 45 6.7 806.9(0.3)(0.5)(8.9) 19.0 285 3050 24
C |48 64 6.1 -0.2450 0.145 6.7 9.0  806.7(0.3)(0)(8.9) 285 380 1212 32
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Quark-hadron contraction method
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NPLOQCD arXiv:1206.5219



AE (MeV)

~20

I
N
=

|
N
>

—80:

—100

Nuclei (A=2)

Quark-hadron contraction method

- {
i} ..-4"
=

deuteron

nn

H-dib

@ L=24,
O L=32,
L=32,
L=32,
L=48 ,
@ L=48
O L=48 ,

Ip|=0
Ip[=0
Ipl=1
Ip|=2
Ip[=0
Ipl=1
Ip[=2

nA (1s0) nA (Bsl) nX (1sO) nX((3sl) nZ(3sl)

pE (3s1)

NPLOQCD arXiv:1206.5219
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b AE
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Quark-hadron contraction method
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NPLOQCD arXiv:1206.5219
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Quark-hadron contraction method
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1 2-body
1 3-body
1 4-body
H nn °He *He nY 3H 3He 3$He 3He H-dib n= ,iHe
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d. nn, SHe, *He

e PACS-CS:bound d,nn, 3He, 1He

e Previous quenched work

e Recent unquenched study at
Mz=500 MeV

e HALQCD
e [xtract an NN potential

e Strong enough to bind H, “He
at mps=490 MeV SU(3) pt

e d nn not bound
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[Yamazaki et al. 1207.4277]



Nuclei (A=4,..)

Quark-quark determinant contraction method

(low statistics, single volume) WD, Kostas Orginos, [20/.1452



Nuclei (A=4,..)

Quark-quark determinant contraction method

“He (SP)
‘ I I I I
40 — —
[ ]
[ ]
([ J
L ° ®
[ ] [ ]
20 °. . i
N ° b 4
L ¢ [ ) é ¢
= i ts . . ¢
US 0 s . o
o0 i é
2 l é
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t/a

, single volume)

WD, Kostas Orginos, [20/.1452



Nuclei (A=4,..)

Quark-quark determinant contraction method
“Be (SP)

{

40 e 2

20 - . e

log,,C(t)
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(low statistics, single volume) WD, Kostas Orginos, [20/.1452



Nuclei (A=4,..)

Quark-quark determinant contraction method

2C (SP)
100 I T T T T
[ J
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(low statistics, single volume)

WD, Kostas Orginos, [20/.1452



Nuclei (A=4,..)

Quark-quark determinant contraction method
'°0 (SP)
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The road ahead..




Hyperon-nucleon interactions
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Hyperon-nucleon interactions

¢ Qbsel”vathﬂ Of |97 M ﬂ—StaF [Demorest et al., Nature, 2010]
“effectively rules out the presence of hyperons, bosons, or free quarks”
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Hyperon-nucleon interactions

¢ Obsel”vathﬂ Of |97 M ﬂ—StaF [Demorest et al,, Nature, 2010]
“effectively rules out the presence of hyperons, bosons, or free quarks”

* Relies significantly on poorly known hadronic
interactions at high density
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Hyperon-nucleon interactions

¢ Obsel”vatiOﬂ Of |97 M ﬂ—StaF [Demorest et al,, Nature, 2010]
“effectively rules out the presence of hyperons, bosons, or free quarks”

* Relies significantly on poorly known hadronic
interactions at high density
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Hypernuclear Spectroscopy

Table of nuclides very well
determined experimentally =S

One plane in table of
hypernuclel

o All QCD eigenstates Dy

Significant experimental
programs at JLab & KEK and
soon at JPARC & FAIR

Complementary QCD
predictions for exotic
systems
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Nuclear properties

* Many phenomenologically important nuclear matrix
elements

|. Axial coupling to NN system P———d§ |, nd-capture

T d——'n

B ——

e pp fusion: "Calibrate the sun” L |
pp-fusion<:

e Muon capture: MuSun @ PSI
e dv—=nne’:SNO

2. Medium effects: eg EMC effect

L'Aa=3.6£5.5 fm
* Proof of principle (pion PDF In pion gas) mwo,rwiin 111256821

e [LQCD: not much harder than spectroscopy
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From guarks to nuclel

* (JCD calculations of nuclei are possible

* More work needed to get to the
dbhysical quark masses

» Need big computers and good ideas

* Where is the field going’

e Strong connections to experimental programs:
hypernuclear spectroscopy at JLab, JPARC, FAIR

* Answer questions that experiments have not and
cannot: nnn, quark mass dependence
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Hadron scattering

Old problem: interactions of two particles in a box changes
quantization condrtion [Unhlenbeck 1930s, ..]

LUscherse: also true In relativistic field theory

Volume dependence of two-particle energy levels =
scattering phase-shift, 0(p), up to inelastic threshold

E™ = \flagy 2 +m3 + V0ge 2 +m3
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e Study multiple energy levels of two pions In a box

Example: [=2 TTTT

for multiple volumes and with multiple Pem
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Example: =2 TTTT

e Study multiple energy levels of two pions In a box
for multiple volumes and with multiple Pem
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Example: =2 TTTT

* Allows phase shift to be extracted at multiple
energies
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Example: =2 TTTT

Combine with chiral perturbation theory to
interpolate to physical pion mass
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