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A study with high precision on the electro-production of
the A and A-hypernuclei in the full mass range
(PR12-13-002)

Condition # | Beam Beam Current | Special Target Material Est. Beam on
Energy(MeV) | (uA) Request Material Thickness time (hours)
(mga’cmz)
1 45238 2 2x2mm’ raster | CH, 500 120
2 45238 100 Unrastered | “C 100 216
3 4523.8 100 3x3mm'mster | Tiq H, 283 168
4 45238 10 15X 15 [1jq. D, 684 72
5 4523.8 10 15x15m | Tjq. “He 500 263
6 45238 100 Unrastered | “'Ca 100 240
7 4523.8 100 Unrastered | **Ca (**Ca) 100 178
8 4523.8 100 Unrastered | “Ti 100 213
9 45238 25 2x2mm’ raster | £0°py 100 840
Sub total 2310
10 4523.8 Shared 'Li, "Be, 53 (1680)
with (e,eK) e
Included in
the above




PAC 41 deferred (June 2013):

Issues:

The beam time required for the full program constituted about 100 days. A
significant setup time for this experiment requires both resources and
significant planning. The PAC felt that the case had not yet been made for
such a significant investment, and would encourage, as PAC39 had done,
that the proponents work closely with the theory community to identify the
most important cases for study. A future proposal should also clearly state
the impact of measurements for our understanding of the A-N interactions.
A careful analysis of how these sets of measurements and their
uncertainties constrain nuclear theory would be of value. A dedicated
Workshop focused on these questions could be very helpful. The
PAC needs to see a sense of priority from the proponents. This was
missing in the current proposal and in the talks given to the PAC.

Since the Mainz program has not yet produced final results, we are also
not in a position to comment on the backgrounds for decay-pion
spectroscopy experiments. We believe this is also an important hurdle, as

discussed by PAC39, to enable a positive decision for the program at
JLab.
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Charge to Panel Discussion

It would be helpful if the workshop could provide guidance
to the proponents, specifically to

* |dentify the most important one or two key

measurements to be pursued at JLab that would provide
a substantial advance in our knowledge of hypernuclear
physics. These measurements could form the initial
program motivating the mounting of a more extensive
hypernuclear physics program at JLab.

McKeown



AN Data
B. Gibson

o Berkeley 71
= Barkeley 74

——

1 1 1 L 1 1 1
0 100 200 200 400 500 600 700 800 900 1000
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Ap total cross section data for py,, in the range from
0 to 1000 MeV/c compared with predictions from the
Nijmegen soft-core potential model.

From J. J. de Swart, P. M. M. Maessen, and Th. A. Rijken in “Prop-
erties and Interactions of Hyperons,” edited by B. F. Gibson, P. D.
Barnes, and H. Nakai (World Scientific, Singapore, 1994) p. 37.

The Ap data have not changed since the bubble chamber
work from which these cross sections resulted. There are
no An cross section data.



B. Gibson

Where Can We Go From Here???

ep+p— K™+ A+ p toenhance the Ap data base

e Electronic chamber experiments to measure K~ +d —
AN+ 7 4+ p to do the same

e JLaby+d — K"+ A +p to do the same

e Stopped K~ 4+d — n+ A+~ to provide missing An
data

In each of the first three one must deal with three strongly
interacting hadrons in the final state to extract the rela-
tively weak Ap interaction. This does not look promising,
given our lack of success in extracting from the n +d —
n + n + p reaction the large n-n scattering length.



JLab scientific mission

JLab Scientific Mission

*= Understand the quark-gluon structure hadrons
* Understand the baryon-baryon force and its QCD basis [+]

* Explore the limits of knowledge of nuclear structure: e high precision,
e short distances [x|, e transition baryon-meson to the QCD description

* Address critical issues in "strong QCD": ¢ mechanism of confinement,
e g-q interaction [x| and the transition in QCD from the confined to the
perturbative QED-like regime?

* Probe new physics through high precision tests of the "SM"

In this talk it will be shown/argued that the [x|-items are addressed
in the combined experimental and theoretical study of
baryon-baryon and hyper-nuclear systems.

* Relevant topics discussed:
e Quark-antiquark pair creation (QPC) meson-baryon couplings
e Multi-gluon exchange for short-range BB-interactions and nuclear matter.
e Pauli-repulsion due to quark structure baryons.

Th.A. Rijken University of Nijmegen BB-physics, JLAB 2014



QPC: 3 P)-model

Meson-Baryon Couplings from ° P)-Mechanism

j 3Po Interaction Lagrangian:

&/ J £ =~ (Zj dj Qj) (i@ ¢)

|
A A (
Fierz Transformation

S Y _ _ _ _ _ _ 5
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1,J
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1. ge = gw, and ga, = g, !? 3 3 3"
. What about f: , g.,, €tc. ? CF = 1 1 1
v _ S _ A _ P 3 3 3
© Yq,ij = Ya,ij = TYaq,i5 = Yq,ij
Th.A. Rijken University of Nijmegen BB-physics, JLAB 2014




Juelich: Chiral EFT

Ap -=> Ap
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Hypernuclear interactions & %) )0LICH

T FORSCHUNGSZENTRUM

35 YN data, no YN bound state, large uncertainties
===pp NO partial wave analysis possible A. Nogga

YN interaction models (Julich 89/04, Nijmegen 89/97a-f, ESC, ...)
describe all data more than perfectly, but are not phase equivalent

%S, Ap phase shift 1 3
— 35 _
S :
B [
S wf SC97b -0.9 -2.11
of O T
- SC97d 1.7 -1.93
/= E T
- — Nijm SC97f
10~ — Juelich 04 SCo7f -2.5 -1.73
- — Nijm SC89
o e RS Jiilich 04 -2.6 -1.73

How to further constrain the YN interactions?

May 28, 2014 3



Hypertriton separation energies & M) )0LICH

FORSCHUNGSZENTRUM

separation energies:
°H A separation energy

o 025¢ E\ = E(core) — E(hypernucleus)
[
S
- 020~ YN A dependence of x°
L s 8, p
B 28 |- *—o
0.15+— 26:— - LO
— e — uf (=M
= 22?
18 \‘\’/‘/'
0.05 |- [—L© 16 |-
"k |==NLO-Idaho 500 14
- | == NLO-Idaho 600 .
B [:]Exp, 12';—
Om—lljllJlIlIlllllllllllIllllll 10" | BTSN S U S S SRS ST ST S SR RS R
' 450 500 550 600 650 700 450 500 550 600 650 A [N:°°V]
e
A [MeV]

* singlet scattering length for one cutoff chosen so that hypertriton binding energy is OK

* cutoff variation
* is lower bound for magnitude of higher order contributions
e correlation with x2 of YN interaction ?

* long range 3BFs need to be explicitly estimated

12
May 28, 2014



'Conclusions & Outlook > #) JOLICH

FORSCHUNGSZENTRUM

* YN interactions are interesting and not well understood
* A-2 conversion, explicit chiral symmetry breaking
_ . A. Nogga
* well known: YN models fail
* NLO of chiral interactions: still freedom to adjust YN forces

» but: further estimates of three-baryon interactions (in progress)

 hypernuclei are an essential sotiree of infarmation on YN
* jt js ot trivial to describe the simplest systems consisteritly

* experiments for very light hypernuclei are important!
The data needs to be accurate (better data for the hypertriton?)
We need to be sure that these data are reliable.

» CSB for four-body nypernucleiic 2 nuzzle
* obviously related to A-2 conversion
Can we engineer chiral interactions with different conversion strength?

* experiments for very light hypernuclei are important!
Is today’s data reliable?

* extension of complete calculations to larger systems (access more data)

May 28, 2014 (see also Roland Wirth's talk)

17



The A =4 i1sospin doublet

0 MeV SHe+A 0 MeV 3H4+A\
-1.00 +
N2 y 1
AR (He-H) = 0.24

-2.04+0.04 0*
-2391003 .....................................................................................
AB (He-H) = 0.3520.06

4He 41

= Nucleon-hyperon interaction can be studied by strange mirror pairs
= Coulomb corrections are < 50 keV for the 4,H - 4,He pair
= Energy differences of 4,H - 4\He pair much > than for 3H - 3He pair

P. Achenbach, Mainz



\H decay mode \H \He

T +*He O | H. Tamura et al. PR C40 (1989)

n‘+2H+32H —e— Mi M. Juri¢ et al. NP B52 (1973)
T +'H+"H o= |

-42 2 %1% .
mr s HeH |l  G.Bohm etal. NP B4 (1968)

m+He S oA ||

T +2H+’H b s 4 . .
T +'H+°H —e—i| || e+ ||| W. Gajewski et al. NP B1 (1967)

T +*He 4 o
IIII':lj' |||:'1111

1.8 /\2 22 24 26

[M. Juric et al. NP B52 (1973):  Ba (MeV)

46"+ 1H+3He: B = 2.42 +0.05 MeV —
ST+ 21H+2H: B = 2.44 £0.00 MeV | 2 oV alerence
Total: B = 2.42 +0.04 MeV

P. Achenbach, Mainz




World data on A = 4 system

)
€ 100 — FZZ M. Juri¢ et al. NP B52 (1973) 4 .
3 ~ <3 G. Bohm et al. NP B4 (1968) H from nuclear emulsion
. W. Gajewski et al. NP B1 (1967)
O ?’ 7R
//%’o’o‘o’ovovo'o%ﬂ
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P. Achenbach, Mainz -B, (MeV)

» Only three-body decay modes used for hyperhydrogen
» Systematic errors of > 0.04 MeV not included [D. Davis]

» 155 events for hyperhydrogen, 279 events for hyperhelium




IVioQuceliil CailCuidulOllo Uil A — &4
B ystem

Calculation ction *\Hegq A
(He-H)

A. Nogga, H. Kamada and W.

Glosckle, PRL 85, 172501 (2002) U1 € 147 1.54 0.07
SC89 2.14 1.80 0.34

H. N . Y. Akaishi and Y. Suzuki, )

PRL%rg,u:iZSM (32'30'2";‘” uzuki SC97d 1.67 1.62 0.05
SC97e 2.06 2.02 -0.04
SCo7f 2.16 2.11 -0.05
SC89 2.55 2.47 -0.08

E. Hiyama, M. Kamimura, T. , -

T Yamadaand Y. vama PRC 65, 1V 2.33 2.28 0.05

011301 (R) (2001)

World data average 2.04+0.04 2.39+0.03 0.35+0.06

With precise spectroscopy details of NY-interaction can be inferred

P. Achenbach, Mainz




Hyperhydrogen peak search

—  World data on 1H from nuclear emulsion _
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local excess observed inside the hyperhydrogen search region

P. Achenbach, Mainz



World data on A = 4 system

‘H decay mode H ‘He
m+*He —— MAMI (2014)
T +*He I O | H. Tamura et al. PR C40 (1989)
”"'2"'*;"' —e— Iw-l M. Juri¢ et al. NP B52 (1973)
T+ H+'H |§..._|
2 K
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m+*He (0% koo
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MAMI experiment confirmed A separation energy of \*H

P. Achenbach, Mainz




501

s

30

T

20+

10+

o—

T

50

40+

30+

20+~

10+

[ ] —

OF COUNTS

I..
|
ol‘

:

M
|

|

{104+ 004L) MeV

1 Charged pions

1H

a)

& it '
b)

Neutral pions 1

(1152 GOL ) MeV .

41—
T

?

(1152004 ) MeV

c)
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Millener



Counts / 0.25MeV

Tamura

Previous (t*,K*) data and AN interaction

SKS at KEK-PS

250

200

89y (t*,

nttn -> A K*

K*)89,Y

KEK E369 (SKS)

05
Mass of hypernucleus -B, (MeV)

Hotchi et al., PRC 64 (2001) 044302
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A Binding Energy (MeV)

Data as of 1996
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better resolution for further info.

n-rich hypernuclei
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y spectroscopy and (n~,K*) at J-PARC




Cross section nb/sr

208Ph(y,K+) 208 T Motoba

80

o))
o

NN
o

-B Lambda MeV

We have an opportunity to observe a series of Lambda orbits ?

— s1/2 +d3/2 hole
208Pb(gamma,K+) Motoba/Millener — h11/2 +d5/2 hole
B Resolution = 800 keV g72 h.OIe
f —— noded Lambda
d —— 29/2 hole
d
&1 g |
P \/J \
S | A B
m J (
)
71— 4 2 \ /
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27




® Generic implications for EOS and stellar structure:

0.2 [

nucleons

+ hypeyons

I8I | '10' | '12' | '14'
R (km)

e Hyperon onset occurs at p ~ 2...3 pg
e Softer EOS

e NS structure including hyperons
. .. and including quark matter

H.-J. Schulze




Brueckner Theory of (Hyper)Nuclear Matter:

e Effective in-medium interaction G from potential V:

1 1
e[ = vi + vi T|g|
— A
parameter-free ! self-consistent
—-O— = + G S
2

ec=m+ K=+ UK)

Results: binding energy €(pn,Pp,PAP) =D . [el(<i)_ Uigk)]

. . <k
S.p. properties, cross sections, ... F

K.A. Brueckner and J.L. Gammel; PR 109, 1023 (1958) for nuclear matter

Extension to hypernuclear matter ...

H.-J. Schulze



Results: Single-A Hypernuclei:

e Lambda single-particle levels:

—— ESC08 A

30 |
i s NSC97a |
o5 [ g TSNNL NSC97f
20F B UNe$ Ee
> | .
E 15 -_ ..............................
< | ,
M 1o E N N T
5 :_ L “:-“':-_’f ~3‘;:,:‘: : ~....~.~.::: ''''' :
E g‘* :* ";';.4 s *.... o :
Or U ¥ i‘ 4 ¥ % e
| eooila By vicads B o % o
0 0.05 0.1 0.15 0.2

& Best agreement with NSC89 and NSC97f potentials
No indication of strong hyperon TBF

H.-J. Schulze



Fit of empirical hyperon TBF:

enn(on, OA) = € (ON, OA) + E1PNONPA + E20NPAPA + E3POAOAPA

Parameters €1, €5, €3

30 F .

4
OSi
0.1
723

H.-J. Schulze




Hans-Josef Schulze INFN Catania

Summary:

® Consistent theoretical BHF+SHF framework for hypernuclei
and neutron star structure

® Nijmegen NY potentials are consistent with hypernuclear
structure: Required corrections (TBF etc.) are small

® JLAB key experiment: “°Pb to fine-tune the NY interaction
in bulk matter

® Hyperons cannot be ignored in neutron stars !
® BHF EOS with hyperons predicts Myqx Not above ~ 1.4 Mg
® Need “quark matter” to reach higher masses

® Currently Mmox = 1.9 Mg for hybrid stars in this approach



Results: hypernuclel

B, [MeV]

Diego Lonardoni, ANL

15

closed + open shell: new parametrization

60.0 T \ T T T T T T T T T T
\\ exp r—e—
AZI‘ \
- § AN + ANN (l) —o—
VT AN + A —— ]
40.0 | b N + ANN (1) _
\
£ “Ca \
30.0 | \ \
- rQ 1 41 1
e 1 \| *iCa b\ importance of the three-body
_ 51, Y (O N hyperon-nucleon potential
20.0 | : S W0 \\ -
\‘\ Ne BRC N
[ \ﬂ. \\ \ Z\He 6
10.0 = . \\\°\ aHe 5 .
! 180 T e e pHe
¢ Ny e f,l\H, f,l\He
L i O Q}¥
0.0 = — : : W
0.0 0.1 0.2 0.3 0.4 0.5
A-2/3

D. L., F. Pederiva, S. Gandolfi, Phys. Rev. C 89, 014314 (2014)



Results: hypernuclei (improved?)

s,p, dwave Diego Lonardoni, ANL

208

30.0 L l exp —e— | 1
W\ v 91 44 _
1 \8 l AFDMC +—e— |
250 T\ \{\ Ty new AFDMC —e— | ]
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OO . \ ) \I ) ) .!\‘l A ] \ |

0.0 0.1 0.2 0.3 0.4

24



Results: hypernuclei (improved?) 28

computing time  Diego Lonardoni, ANL

» 4000 configurations

» 16 nodes @ Carver (NERSC) > 128 Processors

» 2 quad-core Intel Xeon X5550 ("Nehalem") 2.67 GHz

AFDMC scaling @ Mira (ANL)

32,768 configurations, 25 steps, 28 nucleons in a periodic box, p=0.16 fm-3
\ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \

system computing time error 095

’ @ 16 MPI ranks per node ‘

70 20 = 30 hours  ~ 0.3 MeV 02l

“1Ca 90+ 110 hours ~ 0.8 MeV
0151

20Pb  ~ 12500 hours  ~ 0.8 MeV
|

!

0.05-
calculation accessible ( B in all waves)

1/t (sec’

~128000
Processors

1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1
0O 1024 2048 3072 4096 5120 6144 7168 8192
# nodes

information on the interaction
S. Gandolfi, unpublished



Isaac Vidana: uses BHF

Two-meson exchange Hyperonic TBF

B;B/: N, A X B - excitation
M: =, K, 0, ® B: A Z, A, 2

Vertices: consistent with YN and YY

Bl, BZ’ B3, Bl’ B2, B3’
B,, 0 Mo
B2
M, M,
Bl Bz B3 Bl Bz B3
— _J
~
7 — diagram
BN AT

Repulsion at high densities due to Z-diagram as in NNN

+ Simple model to establish numerical lower and upper limits to the
effect of hyperonicTBF on the maximum mass of NS.

Assuming the strength of hyperonic TBF < nucleonic TBF:

1.27Mg<M,,, < 1.60 Mg compatible with 1.4-1.5 Mg

max

but incompatible with observation of very massive NS



Nuclear Structure through
Hypernuclel



r=12.1+1.1 MeV He Hiyama

(2,1,0°)? %////% If we find these/:wo excited states at Jlab,

in ®He, existence of the second 2* state
is promising. Please search the second 2*
2+ 77777777777, 1797 MeV  state in JHe at Jlab.

=113 +20 keV

2+

0 MeV o+A+n+n
0 MeV a+n+n = =
-1.88 =0.7 Me
0+ -0.98 -2.04,1=0.5
A5He+n+n
-3.12 5/2+ } rI:Ielutrfc)nt
6He 3/2+ alo states
-4.57
EXp.
. . 1/2+
If we find these two states at Jlab, these existence -6.19 MeV

contribute to unstable nuclear physics.



o _ |saka
Triaxial deformation

If 24Mg is triaxially deformed nuclei
—> p-states split into 3 different state

Triaxial deformation Prolate deformation

25 ) ,
AMg ) /3/ 7
Large overlap leads to deep binding +

Split into 3 states?

\ )
|

22Mg X A(p-orbit)

A

Middle

Excitation Energy

G.S.
22Mg Q@ A(s-orbit)

<€ >

Small overlap leads to shallow binding

Observing the 3 different p-states is strong evidence of triaxial deformation
Our (first) task: To predict the level structure of the p-states in 2°,Mg



Results: Single particle energy of A hyperon g, lsaka

22Mg (AMD)

ex(B.7,)=(¥"(B.7,)

7, +7 )‘P”(ﬂi,yi )

3 p-states with dlfferent spatial distributions of A in p-orbit
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+
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60°
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g ©

— 3rd lowest p state

S
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0° 60°
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2nd lowest p state
(Parallel to middle axis)

O\

Lowest p state
(Parallel to long axis)

A s. p. energy is different from each other with triaxial deformation



Results: Excitation spectra

Isaka

® 3 bands are obtained by A hyperon in p-orbit — Splitting of the p states
— 2"Mg@Ap(lowest), 22Mg@R@Ap(2nd lowest), 2*Mg@ Ap(3rd lowest)

p—t p— N
) W o

Excitation energy Ex (MeV)
N

>

.
> A
- T 5/2g,7/2g m—

>

- — T +<!;%4-H» ‘%l' 232 == 720
- ST < '3/25 =
l pu T SO T GB®AGH)]
- 191/%% — 5125 1 24Mg + A threshold 5/24,7/2; — 115
i —3/23 | . 3/23,5/2; — T
i \% gz T L1721 1122312 ]
5 o
i - 5/21,7/2] we= GB®A(2nd) .
B 8 L _
- 7121 Be®A@nd 1/21,3/2] = 110
_ 9/21 — 5/21 1 GB®ALowest) ]
- 7/2 T 11/21,13/2f e i
_ 3/2] - )
_ 121 15
- 8Be ® AL i
s €SN (Lowest) 7/21.9/2 e -
- 3T 1 25 1
i 9 1321 — .
- Be(AMD) 1 iz — ~Mg (AMD) 1
8Be ® A(s-wave) GB®A(s-wave)

Lowest threshold 2me + A :in between 8.3 and 12.5 MeV



Summary
(a personal view)

Someone really should measure Ap

Remeasure A=3,4 system with <50 keV; MAMI or
JLab, whoever can do it best

Mass dependence of single particle levels all the way
to Pb (several targets.)

Keep theorists on their toes: calculations in support of
a proposal need to explore more than just one
parameter set.



