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The of the hyperon-nucleon
Interaction is essential to understand the
behavior of matter in extreme conditions

Equation of state

Quarks and Gluons
Critical point?
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R~ 12 km
M ~ 1.4 Mgy

Far away from any possible
perturbative treatment..
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Internal composition still
— largely unknown

Neutron star structure




Gravitational waves
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So many different models!

Table A.l. Parameters of the EOS and of NS models based on them.

EOS P(n,) p(n) RS Ris Ly Ry ¥
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CONSTRAINING EoS

CONSTRAINING
Nuclear Interactions



YN interaction

NON RELATIVISTIC:
write a Hamiltonian using a model potential and try to
solve a many-body Schroedinger equation.

RELATIVISTIC:
write a Lagrangian including relevant fields, and try to solve the field
theoretical problem (usually RMF calculations are performed).




Some hints from LQCD......
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Fig. 10. Left: The central potential in the 'Sy channel of the AN system in 2 + 1 flavor QCD as a
function of . Right: The central potential in the 'Sy channel of the XN (I = 3/2) system as a
function of 7.
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Fig. 11. Left: The central potential (circle) and the tensor potential (triangle) in the *S; —° Dy

S. Aoki et al.
(HAL-QCD collaboration)

NB (again...): The potential
iIs NOT an observable!
Features like the hard core
depend e.g. on the method
used to reconstruct the
Kinetic energy.




Model Hyperon-nucleon interaction

In order to gain some understanding, we need to set up some scheme.

R. H. Dalitz, R. C. Herndon, Y. C. Tang
Nucl. Phys. B47 (1972) 109-137
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. (should be fine if
the central density is not too large)

(with a hard-core)

with the fewest possible parameters to
1965 » Seahi-Zom ot ol be adjusted to reproduce light hypernuclei binding

1972 o Kadyk et al.

1968 o Alexander et al. enel"gies

J. Haidenbauer et al.,
Nucl. Phys. A 915
(2013) 24-58

obtained from an accurate solution of the
Schroedinger equation.
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Model Hyperon-nucleon interaction

Model interaction (Bodmer, Usmani, Carlson):

from Kaon exchange terms
Bodmer, Q. N. Usmani, and J. Carlson, Phys. Rev. C 29, 684 (1984). (not considered exp|icit|y in
our calculations)

Two-body potential: accurately fitted on available p-4 scattering data

Q. N. Usmani and A. R. Bodmer, Phys. Rev. C 60, 055215 (1999).

%,SW or PW Parameters to be
2r [~ Aij 21 |~ Adj determined from

1 =
W T2 (marsi) T2(marsy) |1+ Gos - (034 ) .




Input from experiment

We need to fit the three body interaction against some experimental
data. There are available several measurements of the binding
energy of , I.e. nuclei containinga hyperon. The idea

Is to compute such binding energi®s. We can then compute the

hyperon separation energy: 5 He He
A

BA 38 Bhyp N Bnuc

where B;,,, is the with A
nucleons and one A , and B, is the

with A nucleons. This number can be
used to gauge the coefficients in the nucleon-A interaction.



Existing data

binding energies: scattering data:
nuc : ~ 3340 NN : ~ 4300
A hyp : ~ 41 AN : ~ 52
AA hyp:~5

The available data are limited.
There are several planned and ongoing
systematic measurements.

At present no proposals for gathering
more A-nucleon scattering data
Essentially no information on /14
interaction

(Almost) nothing on Y or = hypernulcei
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J. Pochodzalla, Acta Phys. Polon. B 42, 833- 842 (2011)
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S. N. Nakamura, Hypernuclear workshop, JLab, May 2014
updated from: O. Hashimoto, H. Tamura, Prog. Part. Nucl. Phys. 57, 564 (2006)




Experiments!

Strangeness exchange reaction

(K—,77)
reaction

(x* K"
reaction

(e,e/ KT)
reaction

“A study of the A-N interaction through the high
precision spectroscopy of A-hypernuclei with
electron beam?” (spokepersons: S. Nakamura, F. Garibaldi, P.E.C. Markowitz, J. Reinhold, L. Tang, G.M. Urciuoli)

Including mainly measurements of 48,K and 494K,
but hopefully also light hypernuclei and hyper-Pb (EoS...)



Proposal to JLab PAC44 June 6 2016

An isospin dependence study of the AN interaction
through the high precision spectroscopy of
A-hypernuclei with electron beam

(update of the conditionally approved C12-15-008)
JLab Hypernuclear Collaboration

Spokespersons:
F. Garibaldi', P.E.C. Markowitz’, S.N.Nakamura’ , J.Reinhold®, L. Tang™,
G.M. Urciuoli’

!Istituto Nazionale di Fisica Nucleare, Sezione di Roma, Gr. Coll. Sanita', Viale Regina Elena 299, Rome,
Italy

*Florida International University, Miami, Florida 33199, USA

’Department of Physics, Graduate School of Science, Tohoku University, Sendai, 980-8578, Japan
*Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, USA

5Depm'nnem of Phvsics, Hampton University, Hampton, Virginia, 23668, USA

* Contact person

JLab Hypernuclear Collaboration




Quantum Monte Carlo

Method: why Quantum Monte Carlo?

.. solve the many-body problem for strongly correlated systems in a non-
perturbative fashion

iI. accurate description of ground-state properties
/1. statistical uncertainties

S'\ VMC CVMC GFMC

(C)VMC
: GFMC  light systems
12 - : AFDMC

CVMC light to medium-

AFDMC mass nuclei A




Results

A hypernuclei

T. Gogami et al., .
Phys. Rev. C 93, 034314 —&— emulsion
(2016)

updated data:
+0.54(5) MeV
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D. Lonardoni and FP, arXiv:1711.07521




Results

A hypernuclei

old
spin-independent |
CSB VN
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D. Lonardoni and FP, arXiv:1711.07521




A hypernuclei

Results

fit to s-orbit
separation
energy only

—&— emulsion
= (K )
—— (ﬂ:+,K+)
-y (e,e’K+)

=O- AFDMC

D. Lonardoni and FP, arXiv:1711.07521




A hypernuclei

Results

fit to s-orbit
separation
energy only

—&— emulsion
= (K )
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~O- AFDMC

D. Lonardoni and FP, arXiv:1711.07521




Results

A-hypernuclei
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P. H. Pile et al., Phys. Rev. Lett 66, 2585 (1991)

D. Lonardoni and FP, arXiv:1711.07521




Results

A-hypernuclei

s-orbit p-orbit
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P. BydzZovsky et al., Nucl. Phys. A 881 (2012) 199-217

Bf ~18.0MeV BR ~10.7MeV B{ =~ 3.3 MeV




AFDMC:  A-hypernuclei
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Jeffe}gon Lab

E12-15-008

D. Lonardoni and FP, arXiv:1711.07521




AFDMC:  A-hypernuclei

control parameter Cr

is AFDMC sensitive to a
nucleon-isospin dependence

of the AN N force?

Results

§ _
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JefferSon Lab
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D. Lonardoni and FP arXiv:1711.07521




Results

AFDMC:  A-hypernuclei

|
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original = (K )
parameterization (" K

v (ee’K)
—O—~ AFDMC ANN (I)
O~ AFDMC ANN (II)

A—2/3

D. Lonardoni et al., Phys. Rev. C 89, 014314 (2014)
D. Lonardoni and FP, arXiv:1711.07521




Results

AFDMC:  A-hypermatter

2.8

AN + ANN (II) PSR J1614-2230
Pt > 0.56 fm =3
1.36(5) Mg
AN + ANN (I)
P =0.34(1) fm 3

13
R (km)

D. Lonardoni et al., Phys. Rev. Lett. 114, 092301 (2015)




Conclusions

 Our philosophy in attacking the problem of the hyperon-nucleon
interaction: we do not want to add more information than the one that
experiments can give us. Having too many parameters will result in a
substantially arbitrary prediction of the EoS, and consequently
adjustable predictions on the Neutron Star structures.

* AFDMC calculations are evolving. Better accuracy, better
performance. This reflects on the work on hypernuclei. Accessible
systems: definitely A=90.

* At this point there is real need of accurate experiments on
hypernuclei in order to be able to gain more insight on NS interior at
densities > 2p.. Accurate spectroscopy of n-rich medium mass
hypernuclei in ~ two years. But the community badly needs more p-/
scattering data. Improved LQCD calculations will help adding pieces
to the puzzle to complete the picture.
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