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motivatio hypernuclear physics

A
hyperons in nuclei: Y / )
v'distinguishible from nucleons C X ) ®
v'glue-like role O O
v'new spectroscopy ©

v’source of information about the strong AN — AN
and weak AN — NN interactions

|:there are no stable hyperon beams :|
— n-

unstable against the weak interactio
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PRODUCTION REACTIONS

Strangeness exchange:
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PANDA detector @ FAIR

hyperon-
antihyperon
production
at threshold;

pO—
3 GeVic \o\%

capture

of Zin Y

secondary
target;
atomic

transistioa

+28MeV
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QBe 10,11B

conversion
y-decay and
weak deca
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=33
AN

p +Nucleus->=- +=Z* at 3GeV/c
Other Exp. ES06 AGS-BNL, JPARC
(K+p->K+2)

Cross section 2ub

Luminosity 1032 cm%/s to
7.10°E +E* hour

E p->A\+28 MeV

energy release may give rise
to the emission of excited
hyperfragments ( 13, B* )

Two-step production mechanism
requires a

1. devoted setup

2. spectroscopy: decay products



WEAK HYPERNUCLEAR DECAY

L
AA

Hypernuclear structure

Weak decay of hypernuclei allows to obtain new
and complementary information on the properties
of hypernuclei and the weak YN interaction

A. Parreno, University of Barcelona Hadronic physics with LQCD

NNPSS (TUNL) 6/29 2011




WEAK HYPERNUCLEAR DECAY

MESONIC
I : A2 7np

n_ L]

Fy: A =2> n%n

kny~100 MeVic < k¢

NON-MESONIC
[,:An=> nn

[;:Ap 2 np

dominant for A>5
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ky~400 MeV/c
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Hadronic physics with LQCD

ky~340 MeV/c
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If we want to use extract information about the |AS|=1 AN — NN from hypernuclear
decay, we will need to have some control of the strong interaction among hadrons

STRONG SURYSU(6
TP, M, O 7\ K, K*
[ @--9»-=--4L LF->»---01
WEAK
— ——
== R—
AN e e B AfP—FF—1N
STRONG
PV: SU3)/SU(6)
PC: Pole Model

Weak interaction: By > B, M +—1 using SU(3)/SU(6)

From the transitions A->nN, Z->=nN,

Strong interaction: B, 2> B, M

Initial state correlations

AN

Final staw7
how well is this known?

NN

From realistic BB forces:
Nijmegen89, Julich89
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more motivaliorv

Inner crust: Outer crust:

Ambartsumyan, Saakyan, 1960 nuclei + neutrons + & nuclei + ¢

“The core of a neutron star is a fluid

of neutron rich matter in equilibrium

with respect to the weak interactions
(B stable matter)”

n<>pev, (w, =w,+u,)
nn<>px  or en<xv, (U +u,=u.)

~0.5 km

nm<>nA or e p<Av, (u, =u,)
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How well do we know these (strong) interactions among hadrons?

NN abundance plot

neutron-proton
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Acknowledges go to Rob Timmermans

The low-energy YN “database”
~ 35 data points (many pre-1971) with large errors

Ap #=12 65MeV<T,,<50MeV
SpoZp #=6
An #=6 9 MeV<Tlab<12 MeV
n  #H=6
= p #=4 9 MeV<Tlab <13 MeV
+ 3 data from KEK-E289

"Ratio at rest” (inelastic capture ratio)
of stopped =" by protons:
re = # 20/ (#20 + #A) = 0.468(10)

.

Iu,d,squarkplancs I pe g:.'.

Some differential cross sections
of low quality

'l strange quark number }

Additional information:

3H,, *He,, “H,, SHe,

YN — Light hypernuclei: 11 '?o%
YY - 6He,,, °Be,,, 3B, , ... &

unstable nuclei
stable nuclel ® M. Kaneta, Department of Physics, Tohoku University

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011
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J. Pochodzalla, ITMP E, Vol 16, no. 3 (2007) 925

very active field!

PANDA at FAIR
* Anti-proton beam

* Double A-hypernuclei
* y-ray spectroscopy

MAMI C |
T * Electro-production

« Single A-hypernuclei
» A-wavefunction

Jlab

* Electro-production
« Single A-hypernuclei
» A-wavefunction

BNL

* Heavy ion beams

* Anti-hypernuclei

* Single A-hypernuclei
* Double A-hypernuclei

A. Parreno, University of Barcelona

l

SPHERE at JINR

* Heavy ion beams
* Single A-hypernuclei

HypHI at GSI/FAIR

* Heavy ion beams

* Single A-hypernuclei at
extreme isospins

* Magnetic moments

FINUDA at DA®NE
» e*e collider

» Stopped-K- reaction
 Single A- and 2-

\ hypernuclei
* y-ray spectroscopy

J-PARC

* Intense K- beam

» Single and double A-hypernuclei
* y-ray spectroscopy for single A

* Production of 2-hypernuclei

+ Lattice QCD

Hadronic physics with LQCD



Now, suposse you can write down the effective theory for the low energy AN interaction,
very low energy, below inelastic thresholds

LO & NLO diagrams?

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011



Now, suposse you can write down the effective theory for the low energy AN interaction

2 body diagrams (Weinberg) Treelevel v=0

v=2L+ EVi[di + %”i -2] A A A . A

power of momenta

A AT A ) N
>C O]+ "o
N N N N N

7o) =, C(()IS())( AL pCSo) N) (A pUso) N) +,, Cgsl (AT pOsy N) (A posy N)

LM = CS(E (i1,) PN (A (i7,) P7VN) +,, CCV(E (i,)PUVN) (A (i7,)PCON)

| 1 3 1
with P(S°)=(— io, P =|—lio,o"
N2 N2 )R

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011



Now, suposse you can write down the effective theory for the low energy AN interaction

Write the low-energy scattering parameters (scattering length, effective range) in terms of the

coefficients of the Effective Theory

Beane, Bedaque, Parrefio, Savage, Nucl. Phys. A747, 55-74 (2005); nucl-th/0311027

For example,
for the singlet
channel

A. Parreno, University of Barcelona
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Hadronic physics with LQCD
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Why we should use Lattice QCD for the study of hadronic processes in nuclear
physics?
improve our understanding of low-energy QCD
understanding nuclear processes from the underlying theory of strong
interactions
first principle calculation
uncertainties can be quantified

static properties of hadrons: masses

Focus on &

study of the interactions among hadrons

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011



understanding nuclear processes from the

LRLCD calculations underlying theory of the strong
of hadronic Lnteractions ieractions

NN-interaction
verification

NNN NNNN YNN

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011




LRCD caleuwlations
of hadronic interactions

» Some facts about QCD at low energies
= Qverview of Lattice QCD basics
» Some results for hadronic observables in LQCD

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011



QED Vs QCD

QED: L=w(iy“0,—my +eyy Ay - el “F,

m=electron mass
=electron spinor

QCD: L = ajk (l'Yuau - m)qjk +6(§jk’yu}\‘aqjk )G: - Z G:vG:v

m=quark mass
j=color (1,2,3)
k=quark type (1-6)
q=quark spinor

1

electron-y
interaction

QED QCD

A ~photon field (1)
F uv=auAv'a\Au

~

quark-gluon

1

\ gluon-gluon

interaction

interaction

1

G®,=gluon field (a=1-8)
Gauv=6u Ga\r 'av Gau'gfachbu ch

[)‘aa )'b] =ifabc;“c

r

A_’s (a=1-8) are the generators of SU(3).
A_’s are 3x3 traccless hermitian matrices.

9

A. Parreno, University of Barcelona

Hadronic physics with LQCD

f . are real constants !

f , = structure constants of the group !

---3 §Uc(3) generators
NNPSS (TUNL) 6/29 2011



For QCD:

2 a(0)
AP )=V 2 o.(u’ 2
(7" 1-X(p") X(p*) = S(“)ln P 2N, -11N,]
127 u
N, = # flavors of quarks with mass < |p| / 2
N, = 6, N.=3 = [2Nf —llNc] <0 M = mass of the heaviest quark in the
5 5. . considered energy region
and a( p ) decreases as p~ increases (small distances) N, = # de colors

Asymptotic Freedom

The force between quarks
decreases)at short

Strength

g . oactad distan anddncreases
'§ strength strength § d Wh' one *I-rle -I-
= Gross, Politzer, Wilczek separate the
S 2004 Nobel Prize
Low energy - High energy - 3
large distances small distances AT low—ener'gy, 'Gr'ge dIS‘I'anCeS, asymp1-o1-|c Freedom
Energy Scale coupling becomes strong. /

Perturbative series meaningless!

courtesy of Ross Young gZ e 94 _

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011



At short distances (high energies) we have asymptotic freedom

and the force between a quark and an anti-quark behaves as the one
betweeen a e” e* pair (QED)

QED GE——

- --____?_\:
--:_j_j,'}:*{; V -~ _1 / r
At large distances (low energies ~ hadronic/nuclear physics) and

as a consequence of the interaction between the gluons we obtain a
potential that is linial with the distance and we have confinement.

—= V~}”

A. Parreno, University of Barcelona

Hadronic physics with LQCD



Meson

Baryon

QUARKS AND GLUONS ARE NOT SEEN AS ISOLATED STATES!

rajan@lanl.gov http://t8web.lanl.gov/people/rajan/ ‘ Masses

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011



QCD vs QED. Bound states.

Bound states in QCD very different from QED

QED QCD
Binding energy of a hydrogen atom TN M
= sum of it constituent masses /u o) \- U~ 3MeV
(to a good approximation) Q | M ~ 6MeV
For nuclei: binding energy ~ O(MeV) \ / M p =938 MeV
Proton (Strong force)
/ \& e Me =05MeV
" \p+ ," Mp =938 MeV
\ / E. .  —136eV For the proton almost
binding = *7- all the mass is attributed
Hydrogen Atom (EM force) to the strong non-linear
interactions of the gluons. q g !

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011



In principle, hadron masses and other hadronic observables can be calculated in QCD,
although complicated...

Lattice QCD provides a well-defined approach to calculate
observables non-perturbatively, starting from the QCD
Lagrangian.

One can simulate the theory on a computer, using methods
analogous to the ones used in Statistical Mechanics.

These simulations allow us to calculate correlation functions
of hadronic operators and matrix elements of any operator
between hadronic states in terms of the fundamental quark and gluon degrees of
freedom.

A. Parreno, University of Barcelona Aspects of hadronic physics with LQCD  NNPSS (TUNL) 6/29 2011



Lattice Quantum Chromo Dynamics

el e

»

a1 B
-

-

DU
. .

-

Talsl ]

quarks

gluons

Courtesy of Dr. Thomas Luu (LLNLab)

For numerical calculations in QCD, the theory is formulated on a (Euclidean)
space-time lattice, as depicted in the right cartoon.

A. Parreno, University of Barcelona Aspects of hadronic physics with LQCD  NNPSS (TUNL) 6/29 2011



LQCD is a non-perturbative implementation of
Field Theory, which uses the Feynman

elements l Xp -

light
source

_to evaluate transition matrix

It replaces the classical notion of a single, unique
trajectory for a system with a sum, or functional i
integral, over an infinity of possible trajectories to
compute a quantum amplitude.

Study of the temporal evolution of particle states
and of their interactions.

slit measurement
screen (A) screen (B)
Infinite # of slits -
_ H 2 Superposition of all paths
I S
dI g2 t s What is the weight
c E W for each path?
C 4
H O
< > courtesy of Ross Young, Adelaide University

L
Young’s double slit experiment

A. Parreno, University of Barcelona Hadronic physics with LQCD



Path integrals in one dimension QM

Study of the temporal evolution of particle states and of

Xg -
their interactions. .
Consider the time evolution of a quantum mechanical
system: ()= () }
Evolution of a quantum state (x;,7;,) to (x,,t,): "

" —

<xf’tf xi’ti> _ <xf ‘e—iH(lf»—t,') xi>
Divide t = t, -1 into a large number N of intervals,
of size At=1/N and insert j_ fdx. x)x,| =12, N-1
i|7vi i (xl_,['i)

e =e'iHAtfde_l‘xN_IXxN_l‘ e'iHA’fde_z‘xN_2><xN_2‘ e'iHA’fdxl‘xl><xl‘e'iHA’

~72

For an interacting particle with H = H, + V(x) = zp_ +V(x)
m
—iAt(§’721+V()?)) A0 dp —iAt
<xk+1 € ‘xk> f <xk+l p>€

27T

A. Parreno, University of Barcelona Hadronic physics with LQCD

b
m o —iAV(x,)



ol
| d§<xm phe om0l

w3 e

<xf,tf xi,ti>=< f‘ T fde lfde . fdxl
= [ D]t

Lagrangian

And the evolution operator is the sum over all paths weighted by the exponential of the
classical action.

The quantum propagation is expressed as a weighted sum over paths. The weight is a
complex phase factor given by the exponential of i times the action S.

A. Parreno, University of Barcelona Hadronic physics with LQCD



A2

—iAt(p+V()?) §
2m

WA
)‘xk> At—0 f dp<xk+1 p>e A e—zAtV(xk)<p‘xk>

27
e

2
AP iAt
f dp oI PCka =30 A oAV / E
At

E[ a5\ V)
<xf,tf " fde lfde . fdx1 ¢ ( )
R x(t)=xs [x(t)] iSerassica | X(1)] \

<xk+1 e

+ O(At?)

*(0)=x; Lagrangian
g RULE h
each path contributes A
a phase given by the classical A; xexp lf dt L(Q(t ))
action i
. y
( N
PATH INTEGRAL R
Feynman, 1948 A= f D(g) exp| i f dr L(q(1))
\. S

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011



2

— d i IL —iAtV(x
‘xk> — ‘f2§<xk+1 p>e A2’"e Av(k)<p‘xk> )

2
N At
. —iAt— .
~ f dp elp(xkﬂ_xk)e ! t2m e_lAtV(xk) = E
27 V At

<xf,tf X0) = <xf ‘e_iH(tf_t")‘ fde lfde x fdx1 "
x(t)=x i X \
f [x(t)] Sclamral (t)]

A2
—iAt(p +V ()

2m

<’xk+1 €

—
(0= Lagrangian
4
. . 2 2_22_ 2 _ .2
By rotating to Euclidean X, =t — —ix, =—iT Xgp = El'xi =X -1 =Xy
time in (1): b = E—ip =
’ ! Pi= ) pi=P -E=-p,

m
x(t)=xf _ATE )

—-tH k
e g fx(0)=Xi D[.xl,X2,...,xN_l]e

~ Hamiltonian

The propagation amplitude is re-expressed in terms of the Euclidean action, S

A. Parreno, University of Barcelona Hadronic physics with LQCD



A m(xk+1—xk )2 basis Of numerical simulations
Ar S| Ty ()
~tH x(t)=xy 2

k
€ = J o D[xl,xz,...,xN_l]e \

The weight of each path is a real positive quantity, looking tlike a Boltzmann factor

Euclidean path real

Analogy with the partition function of a classical statistical mechanics system:

Z= Tr(e"rH) = fdx<x‘e"HT X)= fD(xl,xz,...,xN)e"S(x1 2 Ee_Eg")]G[m
Ty Ty . 2 G[ ] _ 9 _
S[x] = fd‘l,' L(x,x)= fdt @ + V(x(t)) (Glel), ; k[;f]
T; T; -

A. Parreno, University of Barcelona Hadronic physics with LQCD



Starting point is the QCD partition function in Euclidean space-time

_ _ 1o o
Z = [(DA,)Dy Dy exp(=Syc,) = [ DA, Dy Dy exp| - [ d'x ZGWG;; + Y ,[D,y, + mhy,
f

V\ <
real, positive weight === PROBABILITY
nti-quarks
6)

gluons quarks

a
®) - ©

DA, =] [dA,(x)

, , _ large # of degrees of freedom
functional integration

| J
i

dimension =8 x4 x 6 x 12 x 6 x 12 x # space points ~8 x4 x 6 x 12 x 6 x 12 x 324~ 1.7 10"

integrate the fermion fields (by gaussian integration)

Z= [ DA, det{ M (A)]exp(=S,,,,) = [ DA, exp(=S) withS= [d'x (%GZVG;”)— D log(det[ M, (4)))

flavors

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011



Lattice formulation: Discrete space-time & Use a discrete action

periodic (anti-periodic) boundary conditions
Evaluate a path ordered

. Quarks
exponential between
heighbor sites
m_L>>2m b<<lfm Gluons
L~1.4fm 1fim = 10" m
mﬂ'
<| | > —» time-ordered correlation functions

space-time lattice

The quark fields in O are re-expressed in terms of quark
propagators using Wick’s Theorem for contracting fields N, x Ngx N x N,

(removing the dependence of quarks as dynamical fields)

Basic building block for fermionic quantities:

v.j.b

site, spin, color

Feynman propagator S, (y,j,b;x,i,a) = (M_l)

X,i,a

inverse of the Dirac operator calculated on a given background field



z={ DAMexp(—Sgluon)= [ DA, exp(=5)

—s

very demanding on 51 S, =yM (A

S=S

(B) Full QCD

Nowadays many simulations are dynamical, but until a few years ago there were:

quenched —— det[M f(A)]=constant <«

(A) Quenched QCD: quark loops neglected

in the determinant : det[M f(A)]
in the quark propagator:  S[A]=(D[A]+m,,)

det(D[A] + msm)

-1 Wlth msea = mval

partially quenched _

==

one needs to develop effective theories that take into account this mixing in order to extrapolate to
physical results

A. Parreno, University of Barcelona Hadronic physics with LQCD



Define parallel transporters on links between neighboring sites in the lattice

I)‘,'ll‘(.'l‘:l l

Ww(x)
\ igxffg dx"
T S - ¢ JAwb A
U(x)=e - =1+igbA (x+bu/2)
—9o—o o *—+ i [ .
$ b U,=e *  =U,(x-bj)
L S R T =1-igbA, (x-Dbi1/2)
(—‘, )
) G D R D D R R SU(3) matrices, “links”

v 99— 99+ ¢
,t qi(x) i: color index

H o: spin index

Basic discretized operators:
1 A A
= Ordinary derivative: d,q(x) = %[Q(X +bit) - q(x - bv)]

1 n N
= Covariant derivative: D,g(x)= %[ L0 glx+bu)-U_, (x)g(x - bM)]

Exercise: Check that in the continuum limit we recover the QCD covariant derivative

A. Parreno, University of Barcelona Hadronic physics with LQCD



-S[x]
For an arbitrary functional I'(x), we write the weighted (T[x]) = f Dx(t)l“[x_]si ]
average over paths with weight ¢! as: [ Dx(t)e"

o  Produce N gauge field configurations {U} with probability distribution P(U) (P (U] e_S[U])

{U["]}, (Markov process) Basic Monte Carlo algorithm

each configuration is created by the preceding one: (Metropolis, heatbath, .. )
P(U[i-l] — U[i]) p(U[i-l]) — P(U[i] — U[i-l]) P(U[i])

o  Calculate expectation value for this distribution (Monte Carlo estimator)

Er (00(...)|0)"" = %EO( [v"])

(T[U]) =

. 1 Average over the ensemble of configurations
o  Results have statistical errors ~ @

) number of uncorrelated gauge configurations

N, 2 2
1 1 . - N >>1 <r > - <r>
2 21 () 2 o
Or =~ ——1— E " [x“]-T :
T N, { N, ~ } N, (Monte Carlo uncertainty)

o  Repeat this process very many times (changing randomly the location of the source
propagator for instance) and average over the results

A. Parreno, University of Barcelona Hadronic physics with LQCD



. o . e 5 D
o  Produce N gauge field configurations {U} with probability distribution P(U). = > N
o  Calculate expectation value for this distribution. : C@\qo o
o  Repeat this process very many times. Q)'z@ C’o‘\
o  Average over results. Og\’@
o  Results have statistical errors. @
H Solve a linear system of equations: DT(U Wm] D(U)[m] x = ¢ H
l—{> Condition number ~1/m
: : : source of systematic errors
Extrapolations to connect with real life in lattice QCD simulations
‘ m —m physical
‘ L —> 00 ‘ ‘ b — O ‘ q q

Published works have L <4 fm (~6 fm), b <~ 0.1 fm and m_2 400 MeV (200 MeV)

[{ Procedure Configurations

=)

Compute : Compute
propagators correlators

]]

TO

A. Parreno, University of Barcelona Aspects of hadronic physics with LQCD  NNPSS (TUNL) 6/29 2011



Systematic errors:

Finite volume For enough large lattices , the finite volume corrections to the
mass of a given state fall offas € (Liischer’88)

Ex. take the pion m_ L>~2m = m_ ~140MeV = L~9fm

i.e. quantum mechanical properties of the pion (size ~1 fm) are unaltered if
the box size is of the order of 9 fm (expensive!)

Due to the required periodic/anti-periodic boundary conditions, each observable
computed in the lattice suffers from unphysical contribution from mirrow states.

Lattice spacing Introduces discretization errors
One tries to reduce their size by improving the lattice action and
the operators
The difference between the computed correlation function and their
continuum limit is of the order of b (b?in improved lattice actions)
Present calculations typically have b ~ 0.1 fm

Light quark masses Physical u and d masses are too light to simulate on
current lattices
Usually m ,=m, >> physical values and then, perform a chiral
extrapolation

A. Parreno, University of Barcelona Aspects of hadronic physics with LQCD



Hadron masses are two-point correlation functions ©

t t
= -ip N = 0
CT.p.t) = Y e ™I (J(%,, )T (Footy))
% 1‘ source
I_projects onto zero momentum 1‘ \ =
in t . : :
Spin tensot sink interpolating operators
The validity of lattice - -
QCD can be tested State I J (_)perator J
scalar 1 o+t aq’
through the successful {- 0+ Sy
calculation of low-lying - —t e
pseudoscalar 1 0 avy°q
hadron masses 1- 0—+ a7’V
vector 1t 1-- g+ q’0
1" 1= ol
1 : _ -
L ===y, axial ! 1 lael'd
2 tensor 1t 1t~ cj'y“f q |
positive/ r}egative octet > > B (qu"Y?VOq/J) (75q,/k)€ ijk
energy (parity) states : %+ (@ v*7°7°q") (" )eiji
decuplet 2 2 (" *1°7'q”) (¢ )€iji
P =l @ (u] R0 Cysdt (o) 31 (E,0) = "l (80 (u! (5.0 Cyss' (50)
2] A0 =S, (50(ul GOy, d' (o) =) (E,0) = s, (5.0 (u] (2.0 Cyss' (50)

I charge conjugation matrix
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Two-point correlators Three-point correlators

t2 to C36(rv;p,’ﬁ;,t2’t1) =
P < J(3,,t,)0(Z, 1T (%y.t,))
CT",p,t) = Ee—lpxzrv <J()?2,t2)J(5c’0,t0)> Xy, X

ex: pion form factor

ex: Imasses pyXy ,1Gx
Ee_lp2x2 e'” <Jn(x2, tz) Vu(xl’tl) J;(XO’ t0)>

R CECRAVINEN
Z 2 (X2s02) (%o 0)> with q the momentum transfer g = (p, — p,)

1q)=1-<(r*)g* + 0G")

> df,(q")
- (r*)=-6 qu‘j

A. Parreno, University of Barcelona Aspects of hadronic physics with LQCD  NNPSS (TUNL) 6/29 2011
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I
Q|

"

=

Example: charged pion propagator

< nl (@)r(y) >=< a(z)ysd(z)d(y)ysuly) >
= /DUDuDﬂDdDJ[ﬂ75dJ'y5u]ef(_ﬂaglu_‘m;ld”sc/Z

= / DU det[G.] det[Ga)Gu(z, y)v5Galy, z)vse~ ¢ /Z

| | |

o<t @n(y) >=< a(@)1sd@)dy)suly) > -

' ' Wick contractions

G,(y.x) = u(x)u(y) (equivalent to the path integral)

< 7t (2)7(y) >=< Tr[Gyu(z,y)v:Ga(y, )vs] >

(connected quark diagram)

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011



uu+dd
Example: neutral pion propagator [ n’ = NG J

<7l @)r(y) >=< (u(x)u(x)+d< )d()(@(y)u(y) + d(y)d(y)) >

— = §[< w(z)u(z)u(y)u(y) > + < d(z)d(z)d(y)d(y) >
G, (y.x) = u(x)a(y) ] _
+ < d(z)d(z)u(y)uly) > + < a(z)u(z)d(y)d(y) >]
I —— _

+ < a@u@)aly)uly) > + < d@)d@)dE)dy) >
< 7t (z)m(y) >=< T'r'[G (z,y)v5Gq(y, )vs] > + < d(z)d(z)a(y)uly) > + < a(z)u(z)d(y)d(y) >].

\ Gd(xa y) - 75G1_i_ (ya CL‘)")’5

D= 5 <Tr(G, + GHTr|G, + GF] >=2 < (Tr[Re(G,)))? >

- L < a@u(@a)ul) > + < d@)d@)dw)de) >
Yy

(connected and disconnected quark diagrams)

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011



Masses of (colourless) QCD bound states (locate the source at t=0)

C(2) = (0[p(t)¢T (0)0) ————=— (9]e”"|9)

Insert a complete set of energy eigenstates:

.

C(t = Dol n)inlg) = Sfglnf e —==ze

i.e. one can obtain the energy of the state provided we see the large time exponential fall-off of

the correlation function (Euclidean time evolution suppresses excited states)

20 40 60 80 100 120

~0.2} i
t = (1/2)

—0.4l ~

|
=

Tracking sub-leading exponential fall-offs can give us excited states

A. Parreno, University of Barcelona Hadronic physics with LQCD

0.4, = (1 / 2)+ effective mass plot

0.2} %x | 0@
t
. _ TANT
00— — t (In) log

_mA
t, C,(t+t,)

mass




Tracking sub-leading exponential fall-offs can give us excited states

_I T T T T I 1 T T T
[ 045F " )
0.250 - 040 3 -
- 035, TilllH ) :
0248+ 0.30f I E _ i
[ 025f ol ]
oasef 020F° el h
L 0asE e ]
= [ 010 b _ ]
g. 0244 - 0 10 20 30 40 50 60 70 T[+ T -
< [ ]
0242 ]
[ II
0240 i ]
0238 i -
0236 [, N
0 10 20 30 40 50 60 70

t/b;

NPLQCD, Phys. Rev. D 79, 114502 (2009)
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an example: = mass (uss)
b,=0.1227+0.0008 fm, b, b, =35,
1195 conftigs (x 364 sources)

M +
04c.  E(1/2)
’.\_ .
0.2} Wﬂx
0.0 R T S T YT
20 40 60 80 100 120
-0.2}
t=1 =
-04l ~
| C,(¢
1. A )
t, C,(t+t¢,)
M
0.27;
026} -
0.25}
0.24} “*—-%,mmmmﬂ[
0.23} 1
t,=3 L
022,
0 10 20 30 40 50 60 70

A. Parreno, University of Barcelona

n=2+1 20°x 128 clover fermions
L~25 fm, m_~390 MeV, my~546 MeV
SS (sink & source)
M
0.27¢  (excited states) o (1 /2)+
026} -
0.25¢ =='==5h (statistical noise)
t (lu) 0.24} %%IIII%IIIIIIIIHI:{HI
i 023t . _, \ I”
(1 /2) 0.22 . . - - . . ] t (lu)
0O 10 20 30 40 350 60 70
Generalized effective plots
M
027¢ - g.S. energy
026t - from plateau
(mass)
0.25} /
0.24} wﬂﬂﬂ
023} L HHI
=
taw 0220 20 30 40 50 60 70 ¥

Hadronic physics with LQCD

(anti-periodic bc in time)



Lattice QCD works really well when calculating the static properties of hadrons, as one
can see from the hadronic mass spectrum representation.

2000 — : .
4| Budapest-Marseille-Wuppertal collaboration
i ——Q0
1500 - —=
i = 1 == %
= ] T |BEdA
S 1000 =3
Z 4 EK* + N
= ] P
500 N Y K — experiment
- == width
_ o input
{0 § QCD
0
m~190 MeV Durr et al. (BMW Collaboration) Science 322 (2008) 1224

L~4m_"1~57fm

A. Parreno, University of Barcelona Hadronic physics with LQCD



Two-particle correlators ———  Energy of the interacting 2-particle system

CHA Hp I (1_51 ’ﬁz’t) - 2 elpl)ﬁelpzxzrfllo/fzz <JHA 0 (551 ’t)JHB 02 (xz’t)JHA B (x() ’O)JHB B2 (x() ’O)>
X)X

spin tensor J l l

interpolating operator
away from the source, i.e. at large t source located at t=0

Cpyuy (PPt ~ D 20y (B ZLL 0y (Pl "

0.6 0.490
04} 0.488 | T
02} 0.486 | il
bgl 00 . gi 0.484 1 - _ *
—02} = 0482¢ ; A
0.480 - 1
04 ¥ 4
i 0478 | A
-0.6 : i s
. 0476 | illh
_0.8 - 1 -l 4L 1 A 1 1 1 . Ll i
0O 20 40 60 80 100 120 0O 10 20 30 40 50 60
t/b, t/b;
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noise—to—signal Lepage, 1989

system of n-pions (C(r) <(E” 1) n (@, 0)) > A e
~(C

"(1C(t)) - C(t)>
< > (%, t) En (¥, r)) (7 0.0)) (7~ 0.0))" —<(En‘(?c,t))
(

— (A, - A)em

No? ~

n

(n+(6,0))">

> o(1) (Az - A, ) e " 1 noise-to-signal independent of time
(C@t))  AINAje™' AN
NPLQCD, arXiv:1104.4101 [hep-lat]

()~076 L 1 L L L LI LI 0-()76 L LML LI LN LN L

w 3 B _ -3 3 L] :

0074} o [0 24" x 128 5 ] 0074l & |' m: 32 x256| -
i o g ;

- . 1 ]

0072} . Ty ]

s » i ‘

0070

b, m_(t)
bx m_(1)

T
L
|
|
PP Y

0.0681 . 0068} 1
0.066} - 0.066- i
[ cosh(M _(t-T/2)) | [ cosh(M (t-T/2)) -
| —— 1 | —— P—— | Loal | ——| ) —_— I P —— | —— | —— Ll Ll | —_—— 1
00645020 30 40 S0 60 70 S0 90 100 110 120 0026 30 60 80 100 12?b|4o 160 180 200 220 240
t/b, t/b,
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noise—to—signal

nucleons

o*(C)={cchy-[c)’

_—~

()

o A 3m,_

(©) e"p{ )

nucleus with A nucleons

o

>
N >
>
<
N
<

exponential grow of noise

().2]4 1 | 1 1 1] | ] | ] | 1
[ 3 ]
0212} * N:24 x 128 B
; -~
0210F 8
1 =
otlr | 1 =
i R ) .D“
. 1 I'+o" 1
ﬁq}d b }_‘ o Ce
! \ L") 1
. ]
1 | 1 1 1 L 1 1 L 1 -1
0 5 10 15 20 25 30 35 40 45 50 S5 60
t/b,
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Hadronic physics with LQCD
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Some results for hadronic observables in LQCD

np (1Sp)  NPLQCD MILC/2064f21b676m010m050

100 L 1 1 I I LI | I Ll I LI I I I I I | I I I

Signal to Noise ratio for NN system

e—=a  C(t)/o(t)

o~ (My - 3m)t

~
5 10F E
N _ _
3 - —
O ] )
1= —
i | I T | ) I I | | | I | I 1 | I | | 1 )

8 10 12 14 16

t(l.u.)

(Courtesy of P. Bedaque and A. Walker-Loud)



Some results for hadronic observables in LQCD
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But... how can we get the effective parameters for the low energy interaction?

The Maiani-Testa theorem states that one cannot extract multi-hadron S-matrix
elements from Euclidean space Green functions at infinite volume except for
kinematical thresholds.

Liischer (1986) circumvented this problem by going to finite volume: extract the
scattering length from the volume dependence of two-particle energy levels at finite
volume (up to inelastic thresholds)

X

One-hadron correlator: C, (7) = E<A(t,55) AJr (0,6)> - ECZ e Fat —C,

energies

<A(t,?c)B(t,?c)B 10,0) AT(0,6)> = E Cr e —C,, e

Two-hadron correlator:

CAB(t) =

N

¥

=1

. C (1) _AE” _AE
. A - _ _ G ln — AB — Cl’l t — C t
Energy shift E=E-M,-Mg (@) C()C.(0) Z e e

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011



below inelastic thresholds /non-interactir;

particles
_ (.2 2 2 2 277
AE=\p*+M> +|p*+ M2 -M,-M, || ,_2m
\\ K L /
obtained from the simulation 100 ———— — —
272\ |i]<A -
L 1 2 ]
ST72=p2 52#2 2—4:1@ %//(
)Ty T T |
1005 S TO] 2 3
u.v. requlator ——— l
1 1 o) efective ran | 2L2
_ ge _ P
_;+5 o = expansion pceoto(p) = _JL’LS 472

Beane, Bedaque, Parrefio, Savage, Phys. Lett. B 585,1-2, 106-114 (2004)



<A

11, 1 1 1 4 A L
__ .t coto(p) =——3S(n)=—

pcotd a+2rp +... |pcoto(p) 1 (n) nL; 3‘2_772 I 27

~

If one retains only the scattering length in the tan(d) expansion and performing a
perturbative expansion on the momentum p? (and playing a bit with the sums...)

a a)’
1—c1—+c2(—) +...
L L

: 1 1 1 1
with ¢, =— —, c,=c¢l - 22

-=|2? -4
4 |

J

j€§3 3#0 ,]

j =0

(recovering Luscher's formula, M. Lischer, Commun. Math. Phys. 105, 153 (1986))

For negatively energy shifted states (in the lattice volume):

2
p=ik, K=y+%(e‘”+ﬁe“/§“+...) with y <<m,_ B-E.w=yﬁ

(finite volume dependence suppressed exponentially by the binding momentum)

With simulations performed at two or more lattice volumes (with p?< Q) it is possible to
perform an extrapolation to determine the b.e. at infinite volume, and at this pion mass.

— with n=—m>p



physical pion mass —
v NN (singlet) v NN (triplet)
T T ‘ ; T T T . - T ‘ T
1 B | L -
g u| : g o .
mo 0 X VJ— 0 _E ‘
-\./ mv o
S = NPLQCD (2009) (n, = 2+1) S : -
-1}~ |mNPLQCD (2006) (n, = 2+1) + + R 1k 'gg ‘]:Qég %%2) <nx:§+i aniso clover)
Aoki etal (2008) (n,=0) a B 2D GO0 (= 241 avenne) .
m Fukugita etal (1995) (n.=0) ] oki etal (2008) @ =0) . o
— : ‘ f . ] . m Fukugita et al (1995) (n,=0) | .
0 200 400 600 800 0 200 400 600 800
m_ [MeV] m_ [MeV]

compilation of the NN scattering lengths calculations for the singlet and triplet channels
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Beane, Bedaque, Orginos, Savage, PRL97 012001 (2006)
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Some results for hadronic observables in LQCD

1 ) ) | ' 1 1 1 l 1 1] 1 ' | 1 1 l 1 1 1
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Bound states?

_ Phys. Rev. Lett. 106 (2011) 162001
H-dibaryon (AA),_g -0

1.+ o
1

- Q) = — o (bs.)) -1cotd(k)=1
S 06 \ 323x256 A kcotd(k) —ik (bs.) (k)
o
Q
T 2

02 \ 243x128 K=y+&(e"“+\/§e"/§“+...) B =1

L M
—6.2 | —6.1 0
ki) B =16.6+2.1+45+1.0+0.6 MeV|
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40 { 40+ {

; 30F s\ 30F

§ 20, } g 20 *

% of =

m 0 \ m
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physical pion mass

... more simulations at lighter quark masses (m,,~200-250 MeV)
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Some results for hadronic observables in LQCD

But Nuclear Physics mean more than 2 particles...
Can we handdle this with Lattice QCD?



But we want to do nuclear physics, i.e., we need to simulate systems with larger
number of hadrons

ﬂ El{ B El scattering length
_ 4 n B 2., B ~ 3 - ,
AE, = /= (2){1 -t + (WL) [I? + (2n = 5)J] (WL) [I*+@2n—7)1J + (5n* — 4ln + 63)3(]}
(" SﬂZB I @W contains the 3-particle interaction
2 ) MLS 3 ) LS

[Bogoliubov ‘47][Huang, Yang ‘57][Beane, Detmold, Savage PRD76;074507, 2007; Detmold,Savage PRD77:057502,2008]

- C,,. (1 =<Eﬂ*<x,r> n-<6,0>> s, p gt

mt (F,0) = d(Z,1)ysu(x,0)

o
"_>-( 4ﬂ'a C (1= (EJﬂ()’é,t)) (7 0.0)" ) —m=ts A
‘___ X

o— = W
o—
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But we want to do nuclear physics, i.e., we need to simulate systems with larger
number of hadrons

ﬂ El{ B El scattering length
_ 4 n B 2., B ~ 3 - ,
AE, = /= (2>{1 -t + (WL) [I? + (2n = 5)J] (WL) [I3+@n—7)1F + (5n* — 4ln + 63).’](]}
n\8 n @\7> contains the 3-particle interaction
’ (2) mLs " (3)L6 + OU/LY),

[Bogoliubov ‘47][Huang, Yang ‘57][Beane, Detmold, Savage PRD76;074507, 2007; Detmold,Savage PRD77:057502,2008]

C .(1)= <(En+(5é,t)) (n'(é,O))”> et L A pEd where 7" (%,1) = d(,0)ysu(%,1)

Ex. 3 pions (maximal isospin, I,=3)

——

C,(f) = Tr[II]? - 3Te[ITTr[I1°] + 2Te[IT°]  with II= E v8(%,£0,0)7.8*(%,£0,0)

X

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011
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incresing complexity of performing contractions with the number of hadrons
This is the real bootleneck for doing nuclear physics

Few pion contractions

C27r(t)= a _
- @ _3 @ _2

Exercise: for a given number of hadrons, composed by u,d, and s quarks, what would be
(naively) the number of contractions one would have to perform?

© W. Detmold
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Something for you to think about... and discuss in the afternoon session

Make a list with those challenges you think Lattice QCD faces in order to
impact the field of Nuclear Physics?

A. Parreno, University of Barcelona Hadronic physics with LQCD



This was a very general presentation of the application of Lattice technology to nuclear
physics phenomena.

Many aspects were not covered:
The interpolating fields create point sources, with little overlap with hadrons, which
have a size (~ 1 fm). From the simulation point of view, how do we

optimize the projection onto the state we are interested in?

Which are the analysis techniques that are being used to isolate the ground state
from our simulation data?

Is there a way to deal with the large number of contractions which appear in LQCD
simulations of many-hadron systems?

Please, contact me if you want to know more about these (and other related) points.

A. Parreno, University of Barcelona Hadronic physics with LQCD NNPSS (TUNL) 6/29 2011
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