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motivatiorv

hyperons in nuclei:

v'distinguishible from nucleons
v'glue-like role
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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0 [degrees CM)

Strange sector ~ 35 data points
(many pre-1971) with large errors

proton-proton neutron-proto
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Additional information:
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unstable nuclei
stable nuclei © M. Kaneta, Department of Physics, Tohoku University
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There are not stable hyperon beams.
Where does the information on the strong and weak YN interaction come from?

> Hypernuclear spectroscopy
(JPARC, TINAF, DA®NE, ...) Hypernuclear decay

Not clean extraction:
MEDIUM EFFECTS
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more motivatiovv

Ambartsumyan, Saakyan, 1960

“The core of a neutron star is a fluid

of neutron rich matter in equilibrium

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

Inner crust: Outer crust:

nuclei + neutrons + ¢ nuclei + e~

10" gem® | 2x10" gem?
gcom X gcocm ~ 0.3 km

11
4x10 gem™ - -

~ 10 km

The composition of a neutron star depends
on the hyperon properties in the medium
(i.e. on the YN and YY interactions)
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Schulze, Polls, Ramos, Vidafia, PRC73, 058801 (2006)



Avraham Gal

S UININAry | Lectures on Strangeness Nuclear
Physics, Tokai, Japan, Feb. 2012

AN hypernuclear spin dependence deciphered
How small is A spin-orbit splitting and why?
Role of 3-body AN N interactions?

Repulsive Y-nuclear interaction; how repulsive?

Onset of AA binding: ,#H or ,H & ,He?

= hyperons bound by ~ 15 MeV in nuclear matter?
No quasibound = observed yet = J-PARC E05
Onset of = stability: \2He or ,,LHe?

Is Strange Hadronic Matter { N, A,=} ground state
of self-bound strange matter?
No K condensation in self-bound stable matter



PANDA at FAIR

 Anti-proton beam SPHERE at JINR

- Double A-hypernuclei 0 —— ‘Heavyionbeams
.y-ray spectroscopy | - Single A-hypernuclei
MAMI C T | HypHI at GSI/FAIR
T * Electro-production * Heavy ion beams
« Single A-hypernuclei * Single A-hypernuclei at
» A-wavefunction extreme isospins
Jlab l * Magnetic moments
* Electro-production
- Single A-hypernuclei FINUDA at DA®NE J-PARC
« A-wavefunction * e*e" collider )
» Stopped-K- reaction * Intense K- beam _
- Single A- and 2- » Single and double A-hypernuclei
\ hypernuclei * y-ray spectroscopy for single A

« y-ray spectroscopy * Production of 2-hypernuclei

BNL
* Heavy ion beams
* Anti-hypernuclei

* Single A-hypernuclei .
* Double A-hypernuclei + Lattice QCD

J. Pochodzalla, Int. Journal Modern Physics E, Vol 16, no. 3 (2007) 925-936



The NPLOCD approach

HotWebsiteTemplates.net

8 00
,& HotWebsiteTemplates.net

Nuclear Physics with S T R

. ‘ ] I, o ;
Lattice QCD = vt The mission of the multi-

- | ; R institutional NPLOCD

Quantum Chromodynamics (QCD) is the underlying theory \ .
governing the interaction between quarks and gluons, the ) eﬁ ortisto make
strong force, and therefore, responsible for all the states of predictions for the
matter in the Universe. Analytical solutions of QCD in the low 7 » ¥ = B BT structure and
energy regime cannot be obtained due to the complexity of " -y F ; A . . .
the quark-gluon dynamics. The only known non-perturbative £ 7; 4 inferactions Of nuClel
method that systematically implements QCD from first usin g lat tice QC 'D

principles is its formulation on a discretized space-time, lattice QCD. This numerical simulation of the theory consists
in a Monte Carlo evaluation of a functional integral. Our goal is to extract information on hadronic interactions,
relevant to nuclear processes, through Lattice QCD, using the enormous computing capabilities that the most
modern supercomputers offer us, specially on those sectors where experiments are difficult to perform.

NPLQCD info

......................................................................................................... » Home
Recent results: ey = — + Physics Accomplishments

- 1 o] [ | [
Light Nuclei and Hypernuclei from = - « Publications
Quantum Chromodynamics in the Limit - = | o
of SU(3) Flavor Symmetry - T e o L TesentAOns
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12 s Effective Field Theory for the Low-Energy AN interaction
ﬁ : ﬂﬁ t: Beane, Bedaque, Parrefio, Savage, Nucl. Phys. A747, 55-74 (2005); nucl-th /0311027

The NPLQOCD approach

Determine the low-energy scattering
parameters from the energy of the interacting
two-hadron system in finite volume

k2

E“Y —m,—my= \/k2 "'mfx "‘\/k2 "'mzza —my—my= 2u *t...  from LQCD simulations
AB
o 2 n+l
|—> kcotd (k) =—l+lA22rn/k—2\ =—l+lr0k2+...
Liischer a 2 i3 kA /I a 2

Effective Range Expansion
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Effective Field Theory for the Low-Energy AN interaction
Beane, Bedaque, Parrefio, Savage, Nucl. Phys. A747, 55-74 (2005); nucl-th /0311027

v=0
CO A A A
2
+ : 1SOSpin
N N ® . N
1=0 . OPE . e A
d =0, n=t d=1,n=2 2 body diagrams (Weinberg) f . .
1 +
s-wave scattering v=2L+ EVi[di tome 2]

i N N N

SUQ2), xSUR2), two-flavor x PT
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A

N

Tree level v=0

Co ' .

A A . A A\ A,Z A

P
+ : 1SOspin /©< +
N N ® . N N N N N
1=0 . OPE

d =0, n=4 d=1, n=2

Effective Field Theory for the Low-Energy AN interaction
Beane, Bedaque, Parrefio, Savage, Nucl. Phys. A747, 55-74 (2005); nucl-th /0311027
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For example,
for the singlet
channel

M =y2UnAps
g, ~1.27,

gas ~0.60,
0.30=<g,, <055



In (hyper)nuclear physics

We need to resolve energy differences of the order of a few hundreds KeV
——> Need high statistics ~ 400 000 propagators @ m, ~390 MeV

Leves energies
in MeV
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H. Tamura et al., Nucl. Phys. A 835 (2010) 3

(recent y-ray measurements)




Anisotropic lattices: N, >> N, (N~=2+1 clover-improved Wilson fermion actions)

higher resolution in the time direction: e =
better study of noisy states /// . L
better extraction of excited states o 7 i My
reduce the systematic due to fitting | _i o
(confident plateaus) i | // n.L
I
L

We use Gaussian-smeared sources to optimize the overlap onto the ground-state
hadrons.

For the sink, either local or smeared quark field operators are used.
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Two-point correlation functions (masses)

C(T,p,t)= ¥ e PoT (O] T { (3,1, W (%, 14}/ O)

X, T source
) =
Lpro]ects onto zero momentum 1‘
spin tensor

sink interpolating operators

Masses of (colourless) QCD bound states
C(1) = (0[p(t)¢T (0))0) ———m—=— (9]e”"|9)

(locate the source at t=0)

Insert a complete set of energy eigenstates: mass

C= S gle" In)og) = Bhopnf 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)

N PG = e Gn(u G Cydt ) 5130 = etul () (u! (30Cy '@
Jﬂ: = (_) e .T e .T
AL G = s G @C) s d (R 2 (3.0) = 5!, (0wl () Cy st
I charge conjugation matrix
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Lepage, 1989

> exponential degradation
< of the signal with time

Ci(t)

o’ (C)=(cch)-[C)f

C C
for one nucleon: Q ~ exp {—(MN - 3’;” )t} — A nucleons: Q ~ exp {—A (MN _3m, )t}
o

effective mass plot

. / Ligg G
04, E(l/2 I, CA(I+ZJ) 027,
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Lepage, 1989

exponential degradation
of the signal with time

o*(C)={cc*)-[(c)

(C)

for one nucleon: -—+~exp

o}

{—(MN—3m”)t} — A nucleons: <C—>~exp{-A(MN-3m”)t}

b, m (t)
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NPLQCD, Phys.Rev. D84 (2011) 14507



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

Coror(PrsPost) = Y €™ T00 (], (R0, o BTy (%0,00T 5 (%5,0))
X1 X,

a

e PaED) = g"f'ku;(x,z)(uf(x,r)c:ysdk(fc,t)) S (F0) = e™ul (x,t)(ufT(x,z)Cyssk(fc,z))
o

A, (F0)= s (fc,t)(ujT(?c,t)CyS dk()‘c’,t)) =0 (%,1) = e’ (fc,t)(ujT(?c,t)Cys sk(fc,t))
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Two-particle correlators ———  Energy of the interacting 2-particle system

- iBiE, D% BB - = NT T
Coaor (BrBasl) = B €™ eP=T0 (] (G o GosDT 5 (5.0, (3,0))

—

XX,

away from the source, i.e. at large t

Co, (B=P) ~ 3 Zi, (DY ZL (Pre™ "
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Three-particle correlators ——— Energy of the interacting 2-particle system
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Vb NPLQCD, Phys. Rev. D80 (2009) 074501



Gaussian smeared sources (S)

Local (P) or Smeared (S) sinks > Cgs, Cop
M M
027, - 027, _ -
026} 0.26} .2 - -
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Tracking sub-leading exponential ~ °2#[ "1 "'Ed | ]
fall-offs can give us excited states  af 92} ° T -
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Perform a multiexponential fit <t ]
X = E[ys(t)—Cs(t)](COV'l):j[ys,(t')—CS.(t')] 0240}
. 0.238 :‘ 1 i ‘
Co=DZZe ™,  Cun=)ZZe™ |  NPLQCD, Phys. Rev. D 79, 114502 (2009} || |1
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Two-particle correlators ———  Energy of the interacting 2-particle system

- - X, i % T BB - = T T
Coror(PrsPost) = Y €™ T00 (], (R0, o BTy (%0,00T 5 (%5,0))

spin tensor —T \ / //

interpolating operators (source @ t=0)
energy-eigenstates
1 single channel analysis
Channel I \L| s
global quantum numbers: pp (*So) 1 1 0
B,L1I], s np (*S1) 0 0 0
+ nA (1Sy) 5 3 -1
hyper-cubic transformations nA (35)) 3 3 -1
ny-— (15[]) g 3 -1
nE~ (*51) ; 2 -1
AA-3Z*'TT_EN £Z (15) 2 2 2
AA (1S,) 0 0 —92
AN - 2N =2 (150) 1 1 _4

coupled channel analysis



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

- - X, i % T BB - = T T
Coror(PrsPost) = Y €™ T00 (], (R0, o BTy (%0,00T 5 (%5,0))

spi:f;nsor J \ ‘/ / /

interpolating operators (source @ t=0)

Energy shift due to the interaction obtained from:

CHle,r (ﬁa_ﬁJ)
Cyy. (0,0)Cyy. (0,1

) (= =\ —AE{"(0)
—Z3(P)Z (pye™ "



Phase-shifts, scattering lengths, from energies
calculated in LQCD

Beane, Bedaque, Parreno, Savage, Phys. Lett. B 585,1-2, 106-114 (2004)
M. Lischer, Commun. Math. Phys. 105, 153-188 (1986)



. . Beane, Bedaque, Parrenio, Savage, Phys. Lett. B 585,1-2, 106-114 (2004)
Below inelastic M. Liischer, Commun. Math. Phys. 105, 153-188 (1986)

thresholds

[ A = ><+>Q<+

1

sz —O

1§Ds(p)=(§) f(d X 1

2m)" E—‘E‘Z/M+i£ 4x
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Beane, Bedaque, Parrenio, Savage, Phys. Lett. B 585,1-2, 106-114 (2004)

Below inelastic M. Liischer, Commun. Math. Phys. 105, 153-188 (1986)
thresholds
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0=Re[(i-{)"'] =Re e
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Beane, Bedaque, Parrenio, Savage, Phys. Lett. B 585,1-2, 106-114 (2004)

Below inelastic M. Luscher, Commun. Math. Phys. 105, 153-188 (1986)
thresholds

PED S S s — S

X
Q00

o a1 _
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Beane, Bedaque, Parrenio, Savage, Phys. Lett. B 585,1-2, 106-114 (2004)

Below inelastic M. Liischer, Commun. Math. Phys. 105, 153-188 (1986)
thresholds

PED S S s — S

<
5 —01O-O

1
0=Re[(i-{)"'] =Re e

E=0
oo o Box
1 ] | J
: 1 g 4A 1 [p°L
pcoto(p) ﬂL;ﬂ VL EﬂLS(Mtz)
il -5
27T
-
2
p°- 4ma a a : 1 1 , 1 1
AE =—= l-¢c,—+c,|— | +... with ¢, =— — C,=C, —
M ML{ 'L 2[J J : 7r..23 i nz..zm“
= Jj#0
\_ j #0

L>>a (recovering Liischer’s formula, M. Liischer, Commun. Math. Phys. 105, 153 (1986))



SU(3); content of the different interaction channels

SU3), 8R8=27010®10®8,®8, @1
space-spin antisymmetric states ('S, 3P, ...) space-spin symmetric states (°S;, 'Py, ...)
-_ -_

{27} {10%}

1 1/2 AN, IN (27}, {8). 1 1/2 AN, IN (10%, (8},
3/2 N 27} 3/2 SN {10}
2 0  AAENSS (27}, 8)., (1) 2 0 =N (8},

1 =N, 2 A (27, {8). 1 =N, S5 {10}, {104, (8}

(b.s.) 2 22 {27} 1 2N {10}, {10*}

3 1/2 =A% 27}, 18). 3 1/2 IAZ3 (10}, {8},
3/2 = 27} 3/2 = {107}
(bs) 4 1 == 27) 4 0 == {10}
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AA - EN -2

AE =-4.1(1.2)(1.4) MeV

1 +0.072
T pcotd 018820, fm

B2KA(AA)
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-001

-0.02
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Bound state?

) 4 1
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infinite volume
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Looking for bound states in the lattice:
volume dependence anisotropic clover lattices

m. ~390 MeV b~ 0.123 fm 5o~ 35 anisotropic clover lattices
T S : t :
L3 xT 163 x 128 202 x 128 243 x 128 323 x 256
L (fm) ~ 2.0 ~2.5 ~3.0 ~4.0
m L 3.86 4.82 5.79 7.71
mT 8.82 8.82 8.82 17.64
# props 45x%x10° 43%x10° 3.9x10° 1.3x10°
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Looking for bound states in the lattice:

volume dependence anisotropic clover lattices

anisotropic clover lattices

Exp[-m,L]/m,L

L

m, ~ 390 MeV b, ~ 0.123 fm €. ~3.5
——— — 02— 0233 0246 ————— 11—
[+ My [m_~390 MeV] 1 oansl+ M, [m_~ 390 MeV] 1 ol * My [m_~ 390 MeV] 1 gaust|* Mz [m_~ 390 MeV] 1
1o stat 1o stat 1o stat 1o stat
1o stat+syst | 0225 1o stat+syst - 0231 1o stat+syst - 02441 1o stat+syst B
1 0224 4 02301 4 02431 -
_ L L 1 r
1 0223F 4 02291 % < 0242} % =
1 | 0222 i 1 qasp 3 E - O.E ] i 4
I ] 0221; % - o = o 40; i 4
E E 7 0[; 4 0226 4 0239F 4
- 5001 0002 0005 0004 0005 000821% o001 0002~ 0005~ 0004 0005 0008225 o001 000z 0005 0004 0005 00002380 0001 0002 0003 0004 0005 000

Exp[-m L]/ m,L Exp[-m L]/ m,L Exp[-m,L]/m,L

NPLQCD, Phys. Rev. D 84, 014507 (2011)
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202 x 128 243 x 128 323 x 256
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~4.0
7.71
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3.86
8.82
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. . c=y+ St en2e Py ) L
system, perturbation theory yields vty (e +1/2e + B, v;
1.t

\ 323x256
0.6+

02 \ 243128

1=0, s=-2, 1S, (AA)
| 02

“—icoté(k) =1 “

—1 cot(d)

0
m_~390 MeV

|B7 =132 4.4 MeV|

(k/m,) updated from PRL 106 (2011) 162001



states

1F C :
1.0+ -
0 - N\
08 B=11(05)(12) MeV | __ nn
= 06 =
S S,
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® L=24 3 @ L=24
02 ® L-3 ® L-3
., 0P ® L-o 4 @ L=oo B =7.1(5.2)(7.3) MeV
-0.2 -0.1 0.10 -0.15 -0.1 —-0.05 0 0.05
(kl/mz)? (IKkl/mz)*
1.0+ : :
1.r O— '
\ AA 05 \ ==
= 323x256 =
< 06 = .
S 5 0
I 02l \243x128 ! -0.5- ® L-=-24
® L=32
B =14.0(1.4)(6.7) MeV _
B = 13.2(1.8)(4.8) MeV b 140467 )MeV [ \@ L=o
-0.2 -0.1 0 -0.2 -0.1 0
2
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NPLQCD, Phys.Rev. D85 (2012) 054511




AA - EN - 23 The 1=0, s=-2, 1S, channel

HALQCD, PRL 106, 162002 (2011) Luo, Loan & Liu arXiv:1106.1945
n~3, b,=0.12fm, L: 2, 3, 3.9 fm n=0, 0.2 <b < 0.4 fm
m, = 670, 830, 1015 MeV m, > 1GeV, L: 2.4 - 4.8 fm
100 ———+—1—r—r— e N— —
i T f/
80
60 | :

A i A 1 Il A 1 | A A i | A A i 1 —

NPLQCD, PRL 106, 162001 (2011)
n=2+1, b,=0.12fm, L: 2, 2.5, 3, 3.9 fm
m, = 390 MeV
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Extrapolation on the pion mass of the lattice results

Mod. Phys. Lett. A26 (2011) 2587

50 50
40 + { 40 {
o 0f o 30F
& o
S 20, * S 20 i
~— ll; T ~— | T
§ IO—F 1 § 101 : 1
e om 0 —.
® NPLQCD : nf=2+1 ® NPLQCD : nf=2+1
—w0f] T @® HALQCD : nf=3 10} T  |@ HALQCD:nf=3
-200‘ ) Oil 0?2 0t3 Ul.4 0i5 0?6 0t7 _200L 0..1 ) 0f2 0‘.3 0i4 0‘.5 Ox.6 0..7 0f8 09
m: (Gev?) m, GeV)
> physical pion mass <——
2 —
B¢ = 411.5+28+6 MeV B, =+49=40+8.3 MeV

[no definite conclusion of the “H” b.e. ]

We need more resources to perform simulations at lighter quark masses (m,~200-250 MeV)




Other extmpoLatLows on the piow MASS

Quark mass dependence of the H-dibaryon b.e. in the framework of Chiral EFT and effects of
SU(3) breaking
Haidenbauer, Meissner, Phys. Lett. B 706 (2011)

Ol_ N L ! 1 N i L ! I ! L

st ~.B=187MeV ]
PN T ] NPLQCD m, =1151.3 MeV m, =1241.9 MeV m; =1280.3 MeV
3 N m, =1349.6 MeV m, =389 MeV <—> E, =-13.2 MeV
:F 1 5_ \‘\\\ ' _ — the b.s. moves upwards but remains below the ZN threshold

2. B=13MeV @390MeV ] 0.06;

7Y S P P U S P I
Y00 200 300 400 500 600 700 0.04
M_ [MeV]

002"

0.00 -
l ~0.02f
~0.04 f}

B, =-13£14 MeV

By (GeV)

Shanahan, Thomas, Young -
; Phys . Rev. Lett. 107 (2011) 092004
_006 L L 1 1 L L 1 1 1 L L | | . L 1 1 1 FR— L
0. 0.2 04 0.6 0.8 1.0
m;* (GeV?)
SU(3) x PT (Finite Range Regularization)

hys
mnpy
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“ The 'S,and °S, = n interactions “ L L Vidaia2001
SU(3); content of the different interaction channels e
SU3), 8R®8=27010®10D8; D8, @1 -
et
Baryon number density [fm |
space-spin antisymmetric states('S, 3P, ...) space-spin symmetric states (°S;, 'Py, ...)
BRI R T
{27} {107}
1 1/2 AN, IN (27}, 18). 14 1/2 AN, IN (104}, {8},
3/2 >N 27} 3/2 >N {10}
2 0  AAENEE 27, 18), (1) 2 0 =N 8}
1 =N, 2 A 27}, 18). 1 N, £X {10}, {104, {8},
(b.s.) 2 22 {27} 1 2N {10}, {10%}
3 12 INA,Z3 (27, (8}, 3 1/2 A ZT {10}, {8},
3/2 =5 127} 3/2 =3 {10
(bs) 4 1 == 27} 4 0 == {10}



Leading Order XN interactions
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1 _
S 2 n m, ~390 MeV

Attractive channel wEw
i.e. consistent with SU(3); Omz_ 24°x 128
L [T
- 03 40
: e 393 H ”HH{TH]H
0
~ -1+
S _,| [B=2593)(11) MeV 243
S
T 256
4!
_5 I 25 3{) 3I5 I
_ 1 1 1 1 (1] }
%04 03 02 o1 0 RERESS H] [ ] T
I
(Ikl/m1)*

1
The C." coefficient is fit to reproduce the B.E calculated in the lattice
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Chiral EFT
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“ 5, 2 n “ m,~390 MeV
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[Soving the 3D Schrédinger Equation

_5_ V2(7F) + VE)YFE) = Ey()
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g 242
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> | Reproduce the energy levels obtained in our LQCD calculations
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A simple estimation of the Energy-shift of - ‘s in dense neutron matter using
G.D. Mahan, Many-Particle Physics, Plenum Press, NY (1981)

Fumi’s theorem

1%
>AE=——fdkk

U,

;

1
0,5 (k)0 ()

p, ~04 fm™ —u _~200 MeV
= u, +u,_ ~1290 MeV
(u, ~M, +150 MeV)

>- would be a relevant

dof in dense neutron matter if:

u.=M_+AE =< 1290 MeV
(AE <100 MeV)

100

AE (MeV) X

AE =46+13+24 MeV

NPLQCD, arXiv:1204.3606 [hep-lat]

— Nuclear matter
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Lattice QCD is a field rapidly growing that can play an important role in the
determination of quantities relevant to nuclear physics processes, and in particular,

in hypernuclear physics

Our high statistics dynamical simulations of BB systems @ m, ~390 MeV and at L ~ 2,
2.5,3,4 fm allowed us to distinguish scattering states from bound states

We have found evidence of bound NN (1S, and 3S; ), AA and == (!S;) systems

We need more resources in order to undertake simulations at lighter quark masses (and
large volumes) to constrain the chiral extrapolations

We have obtained the first LQCD predictions for hypernuclear physics:
Scattering phase-shifts for the 1S, and 3S; n " channels

At present:
Analyzing the AN - 2N system (I=1/2)

Simulations at the SU(3) point , ,
Multibaryon systems } Martin J. Savage’s talk last Thursday

A. Parreno, U of Barcelona LQCD calculations for hypernuclear physics August, 21, 2012
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