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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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Wick contractions = (A+2)I(2A-2)!
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* Dynamical range of scales
(numerical precision)
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An (exponentially hard)? problem?

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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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 used to suppress noise
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time-slices where
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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b AE (AA 32%)

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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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
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10 | 1 NPLQCD n,_2+1 B
ol | 3 HALQCD ny=3v
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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

_ WV
—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
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0.000

-0.020

needed at lighter
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Many baryon systems

 Many baryon correlator construction is somewhat messy

* Interpolating fields — minimal expression as weighted sums

Ny, color/spin/flavour/spatial indices
—h ~(a1,a2-+an, ),k 1,09, in = _ _
N — wh q Z 6’&1 12 2 qq(ail)q(ai2) . o q(ainq)
k=1 i

 (eneration of welights can be automated (symbolic c++ code)
for given quantum numbers

e Speafy final quantum numbers (spin, Isospin, strangeness etc)

* Builld up from states of smaller quantum numbers just by
using rules of eg angular momentum addition

 Similar ideas by Dol and Endres [1205.0585]

e (Contraction just reads in weights and can be implemented
independent of the particular process being considered

[WD, K Orginos, 1207.1452 ]



Many baryon systems

Given a complex many baryon system to perform contractions for,
always possible to group colour singlets at one end (sink)

Contractions can be written in terms of baryon blocks (objects that
are contracted at sink)

A particular set of quantum numbers b for the block is select by a
welighted sum of components of quark propagators

BgflaCLQaCLS p,t xO E ’LpX E wéCl ,C2, CS § ’1,1 ,12,13 M
1

X S(Cilwr; a’laxO)S(Cigax; a’27x0)s(ci37x; a’3ax0)

Can be generalised to multi-baryon blocks if desired although storage
requirements rapidly increase



Many baryon systems

/(a'/l 7a/2'°'a'fn )7k/ ~ (al 7a'2"'afnq )7k

/ DqDq e Sacrll] wy, oWy X

SN iz ginizinag(al ) q(al,)a(al,) % qla, )(as,) - glas,,)



Many baryon systems

Contractions

>

al,ab-a, ),k _(a1,a3-an, ),
(HONZ(0)],, = / DyqDg e~ 2acrlV] i, o i

SN iz ginizinag(al ) q(al,)a(al,) % qla, )(as,) - glas,,)



Many baryon systems

Contractions

/DQDC] G_SQCD Z Zw’(alacb >k QIJ}(Lal,a2”

k’ 1k1

DLST e )l e
q

_ /(a’17a’2 --CL 7k, ~(a17a2"'an 7k
Seff E E w wh q) X

k'=1k=1

ZZEJLJQ, WIna gl anS( jlaazl)s( ]27a22)°

) < q(ai, )q(as,) - -

- S(a’;

Jng

“Qn . ),k
)k

/

i, )

-q(a, )



Many baryon systems

Contractions

/Dqu e~ Secnll Z Zw/(al’% ) @y

k’ 1k1

ST )l ) s o)

B /(al’a’2 ..a ’k/ ~(a1,a2..-an )7]{:
e~ SerrlU E Ew w, 777 %

k'=1k=1

226]17327 7.]nq€'l/1 12,00, anS( ]170]7’1)3( ]270/7/2). .S(a};n ;a/znq)
q

e Make a par‘ucular choice of correlation function (momentum projection
at sink) and express in terms of blocks (quark-hadron level contraction)

-q(a, )



Many baryon systems

e (Contractions

h

/ DgDq e~ 2Pl Z Zw/(al’% ek

]17]27"'7]nq 11,02, 77“nq /. .
E E € € q(aj, )

e~ SerrlU

k'=1k=1

Z Z w/(a’17a’2

k'=1k=1

-q(a’,)q(a

,k/ ~(a1,a2"'anq)7k

h

jl) X Q(a"h)q_(a’bé) S g(ainq)

Z Z 631732, 7an 67'1’?'2’ | an S( ]1 ) a"lfl)S( ,]27 a"LQ) to S(a;n ; afinq)
q

e Make a partlcular choice of correlation function (momentum projection
at sink) and express in terms of blocks (quark-hadron level contraction)

s quarks

d quarks

u quarks

| Stage |
-
- *
9 ]
T TT—m
. /
- hadron blocks

Stage 2




Many baryon systems

/Dqu e~ SacplV Z Zw/(al’az g )

k’ 1k1

Z D L CRRR CAL TR CAECARRCN

_ 2 :j : /(alvaz k, ~(a1,a2---an )’k
Seff w wh, 1 X

k'=1k=1

226317.727 7jnq621 12,0 'anS( jl7a'7'1)5( 327a’22)’ -S(a;nq;aznq)



Many baryon systems

Contractions

/Dqu e SqoplU Z Zw/(al’az g

k'=1 k=1

]1732,...,an ’I,l '1,2, an / .
E E € € q(aj, )

— /(a,l,a2 k, ~(a1,a2...
e %1 Z > ),

k'=1k=1

ZZGJLJ% WIna gt anS( ]17a11)5( 3270%2)'

k ~(CL1,CL2--

h

-q(a’,)q(a)

An . ),k
)k

J1

“Qn . ),k
)k

) x q(ai,)q(as,) --

. S(a;nq ; ainq )

-q(a,, )



Many baryon systems

k'=1k=1

where , S
S(aj;a;) a; €a’ and a; € a

/. A J’
G(a';a); { 0o’ a, otherwise

Contractions
/ DyDg e~ 2Pl Z Zw'(a“% ) planeen )k
k’ 1 k=1
DI DT et ngfag, )0l ) % a0 )a(0) a0,
_Seff Z Zwl(al,&z k’ w;alva’?"a”q)’kx
k'=1 k=1
Z Z J1:7925 0ng (11,82, ing S(a J1’azl)5( i S, ) - .S(a;nq : ainq)
e Or write as determinant (quar|<—quarl< level contractlon)
\ ) k, ~ ) n )
JN5'(0) /DZ/{e Serf ZZw/(al ] w}(lal @2 rlng )k x det G(a’; a)



Many baryon systems

Contractions
/ DyDg e~ 2Pl Z Zw'(a“% ) planeen )k
k’ 1k 1
DI DT et ngfag, )0l ) % a0 )a(0) a0,
_Seff Z z:u]/(a,l,a2 -a’ ,k’ @;al,aQ.“anq)’kX
k'=1 k=1
226317.727 7jnq621 7/2,- 'anS( ]17a'7'1)5( 327a’22). .S(a";nq;a’znq)
e Or write as determinant (quar|<—quarl< level contractlon)
\ ) k, ~ ) n )
JN5'(0) /DZ/{e Serf ZZw/(al ] w}(lal @2 rlng )k x det G(a’; a)

k'=1k=1

where S(ahia)) d e and a; €
Gla'sa);, { aj;a;) a; €a anda; € a

5a/ a; otherwise

e Determinant can be evaluated in polynomial number of operations
(LU decomposition)



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




IJ
t’ IE1
'.f_’__“_ r_L

. SHEAE
SU(3) symmetric world 2 i

e |n flavour SU(3) symmetric case, multi-baryon states
come In multiplets

SR8 =27T041001098:Pd8, @1

888 =64023502350627T04100410088®21

8R8R8XRX8 =819432842010420104 3327022842280 15354 15 35
$12640381H381d125 (1.

SRENERX8R8 = 3210145 8@ 100 10 100 10 @ 180 27 ¢ 20 28 P 20 28
© 100359100350 9464 58005 803D 36 81 & 36 81
P2012594 154 P 4 154 ¢ 216

e Unphysical symmetries manifest in spectrum
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NPLOQCD arXiv:1206.5219



AE (MeV)
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Quark-hadron contraction method
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O L=48 ,
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NPLOQCD arXiv:1206.5219
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Nuclei (A=2,3,4)

Quark-hadron contraction method
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AE (MeV)

o SpLEICE
Nuclel (A=3,4) i o

Empirically investigate volume dependence

Need to ask if thisisa 2+ or 3+ or 2+2 etc
scattering state

50

50
] ] ® -

L=32,|p|=0
‘ L=48 , p|=0
— 100
+
%He(g ) S+n+p d+3 IN@3sl) + N

NPLOQCD arXiv:1206.5219
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* Empirically investigate volume dependence

e Needtoaskifthisisa2+| or 3+ or 2+2 etc
scattering state

AE (MeV)

50
| EE——
_50
—100-
' L=24, |p|=0
‘ L=32,|p|=0
—150¢
‘ L=48 , |p|=0
A+A+p+p pp+A+A pAQGsl) +p+ A 2 x pA(1s0) 3He + A
—200:
AAHeo" AN +p+D pA(1s0) + p + A AA + pp 2 x pAGs])

NPLOQCD arXiv:1206.5219
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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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"He binding

nf=2+1 (Yamazaki et al)

nf=0 (Yamazaki et al)

‘ nf=2+1 (NPLQCD)
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Nuclei (A=4,..)

Quark-quark determinant contraction method

(low statistics, single volume) WD, Kostas Orginos, [20/.1452
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Quark-quark determinant contraction method
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Nuclei (A=4,..)

Quark-quark determinant contraction method
“Be (SP)

{

40 e 2

20 - . e

log,,C(t)
@

-20 B é ‘ ]

—60 } ]

t/a

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



Nuclei (A=4,..)

Quark-quark determinant contraction method
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Nuclei (A=4,..)

Quark-quark determinant contraction method
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Nuclei (A=4,..)

Quark-quark determinant contraction method
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Density of states ..arrrrgh

e (Current challenge Is the density of scattering states
In multi-hadron systems
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e States far below thresholds are OK, but how do we
learn about d—d scattering?
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Density of states ..arrrrgh

e (Current challenge Is the density of scattering states
In multi-hadron systems
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e States far below thresholds are OK, but how do we
learn about d—d scattering?




Issues

e (an we optimise noise suppression systematically

* [or large A systems, how do we control the
volume, lattice spacing, unphysical quark mass
artefacts!

e EFI probably loses control/breaks down for A>4
* Maybe just empirically?
* What other kinds of observables can we calculate!

e Structure of bound nuclel
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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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