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Motivation
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Why is understanding hypernuclear interactions interesting? D

* ,phenomenologically”
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Testing hypernuclear interactions

Why is understanding hypernuclear interactions interesting?
* Hypernuclear interactions have interesting properties

For example

. explicit chiral symmetry breaking
2 N A\ N N A A N
n
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my ~ 500 MeV
suppressed by

isospin symmetry (CSB!)
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Hypernuclei

Hyperons can bind to nuclei. The binding energies are known
experimentally.

* AN interactions are generally weaker than the NN interaction
* naively: core nucleus + hyperons
* ,Separation energies” are almost
independent from NN(+3N) interaction

* no Pauli blocking of A in nuclei
» good to study nuclear structure
 even light hypernuclei exist in
several spin states

 non-trivial constraints
on the YN interaction even
from lightest ones >

e size of YNN interactions?
need to include NA-2 conversion!

: n
‘ (from Panda@FAIR web page)
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Jacobi-NCSM
—

Solve the Schrodinger equation using HO states ]

Two ingredients are necessary:
- cfp — antisymmetrized states for nucleons
- transition coefficients to separate off NN, YN, 3N and YNN

Schrodinger equation

(O H OO, |¥) =E (O] ¥)

e.g. for YN interaction

(Ol Vin| ©5) = (04[O0 )y | Vin | O;2 ) (Oy0| O, )

Application of to NN, YN, 3N and YNN interactions require the representation

of particle transitions. (see Liebig, MeiRner, AN (2016),
Le, Haidenbauer, Mei3ner, AN (2020) )

For combinatorical factors see Le, Haidenbauer, Meil3ner, AN (2021).



Jacobi-NCSM — CFP ¢) JuLicH

First, generate antisymmetrized states for the A-1 nucleon system K

CFP of A-2 system
spectator nucleon total antisymmetrical A-1 system

diagonalization of the

antisymmetrized A-2 nucleons _ _
antisymmetrizer

< C{/‘ | Oj\'> antisymmetrizer is equivalent to coordinate trafo

expression in terms of Talmi-Moshinsky brackets

(Navratil, KamuntaviCius, Barrett (2000))
The CFP coefficients ( Q ‘ O ) are obtained by diagonalization of the antisymmetrizer.

HO states guarantee:
- complete separation of antisymmetrized and other states
- independence of HO length/frequency

These coefficients will be openly accessible as HDF5 data files

(download server is in preparation (please contact me when interested!))
(Liebig, Meil3ner, AN (2016)) .



Convergence for Jacobi-NCSM §)JoLicH
Simple example: “He with SMS NZLO(550) &

observed dependence on w and N

) (w) — EN—I—/i(log (w) — log (wopt))Q —> EN — Eoo + A e—bN
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Conservative uncertainty estimate: difference of £, and E_,
max
Numerical uncertainties for light nuclei are small.
For p-shell, numerical uncertainty is more sizable due to smaller N_,..

Hypernuclei convergence is slower since separation energies are smaller



SRG interactions @) JULICH

Similarity renormalization group is by now a standard tool to obtain soft @ S

VI

effective interactions for various many-body approaches (NCSM, coupled-cluster, MBPT, ...

ldea: perform a unitary transformation of the NN (and YN interaction) using a cleverly
defined "generator”

dH .
ds

:[[TaH(S)LH(S)} H(S):T+V(S)

=n(s) this choice of generator drives V/(s) into
a diagonal form in momentum space

- V(s) will be phase equivalent to original interaction
- short range V(s) will change towards softer interactions

- Evolution can be restricted to 2-,3-, ... body level (approximation)

9 1/4
= (4“5N> IS a measure of the width of the interaction in momentum space

- dependence of results on A or § is a measure for missing terms

(Bogner et al., 2007)
8
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SRG interactions (YN)

‘ ' IR -
Ap-/\p matrix element for the 'Sg depending on incoming and outgoing momenta
A=10 fm-1 A=5 fm-1 A=3 fm-
5 0.3 5 0.3 5 0.25
0.25 0.25 0.2
4 4 4
0.2 0.2 0.15
3 0.15 3 0.15 3 0.1
- a ol 0.05
0.05 0.05 0.05
1 . 1 . 1 o1
0 -0.05 0 -0.05 0 -0.15
o 1 2 3 4 5 o 1 2 3 4 5
p p
5 0.2 5 0.15 3 ‘ ‘
0.15 30 ’/‘\ﬁ\" .
4 ’ 4 0.1
0.1 005
3 0.05 3 g 20
a a 0 2
? ’ ? 0.05 ;.
-0.05 ' =10
1 o 1 'y |7 A=1.0-3.0 fm-"
0 -0.15 0 0.15 ° R
0 1 2 3 4 5 0 1 2 3 4 5 _50 160 260 360 460 560 600
P D Py [MeV]

SC9O7f compared to SRG of EFT-NLO-600
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J-NCSM convergence

SRG evolution improves convergence (&), :mﬁ"
205 ]] 3 1 A
29.5 — 1
| p=1s8fmt AHC| = iy=tom L
B _30. 0 % _6 /1YN — 26 fm
2 # SMS N°LO(550)+SMS NLO(550) | & _g!
= —30.51 Q) : P>
) : — I
2% —31.0] = —101
L 1 < I 1
—31.51 T -12
| | | Idaho N°LO(500)+NLO19(600)
—32.0 1 - ® —14'_
4 6 8 10 12 14 16 18 20 A 6 8 10 12

Nmax N

E (3He) = —32.018 £0.001 MeV  E, (jLi) =10.6 £0.2 MeV

- for light nuclei and hypernuclei, the numerical uncertainty is negligible.
- for p-shell nuclei/hypernuclei, the uncertainty is visible
- extrapolation of separation energy can reduce uncertainty of this quantity

10



SRG dependence of results

E
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- SRG-induced 3N and YNN interactions )

. *He binding energies varies by ~ 100 — 200 keV (relevant in the future?)

-+ separation energies are even less dependent (YNNN forces small)

wsl T T T T NN: NALOT, 3N: N2LO(450); YN: N2LO(550)
B 4He |
I N O_____o,_...o--o'-—o-g\\\ A — — _
272 - o T 3.5-
L NN: N'LO*(A=450) . '
3NFs: N'LO(A=450)
-27.6 - — Yakubovsky, no SRG ] %) 3 O —h— /S\He
-~ | o- -0 Yakubovsky, NN + 3N-induced 4 > 4 +
@@ Yakubovsky, NN + 3NFs — —e— *He(0™)
- + 3N-induce < A
[ | N He 4
i 2.5
284 —
L l I I - 2.0 —eo ° —— 0 o
0.001 oot ol 1.88 2.0 2.24 2.6 3.0 00
SRG parameter o (fm ) )\[fm_l]
(Maris, Le, Nogga, Roth, Vary (2023)) (Le (2023))

For hypernuclei, calculations based on SRG induced BB and 3B interactions
are sufficiently accurate!

Study uncertainty due to chiral expansion of NN and YN interactions
11
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Uncertainty analysis to A = 3 to S

Order N2LO requires combination of chiral NN, YN, 3N and YNN interaction

Need calculation of separation energies (use Faddeev, Yakubovsky eq. or J-NCSM)
and use different orders for uncertainty estimate.

Assuming a negligible numerical uncertainty and the following ansatz for the order by
order convergence

K
Xk = Xiof Z c, OF  where Q =MYIA, (Xyer LO, €Xxp., max, ...)
k=0
a Bayesian analysis of the uncertainty is possible (see Melendez et al. 2017,2019)

Extracting ¢, for k < K from calculations and assuming identical probability
distributions for ¢, for k > K the uncertainty is given by the distribution of

X=X,y Y ¢ OF

k=K+1

12
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How to obtain the distribution for ¢, ? = '

EFT expectation: ¢, are natural-sized, i.e. of order 1.

=g defines prior distribution (usually normal distribution with width ¢)

c is distributed using an inverse-)(2 distribution (parameters v, 7))

For this choice, the posterior then follows the same distribution (conjugate prior)

with shifted parameters given the data:

vV =1y+n, vr? = UOTg + Z",% (E,% = Z ck2 for n. values extracted)

=g Uncertainty follows so-called student 7 distribution (analytically known)
allows to extract degree of believe intervals (DoB)

dependence on choice of prior will be less for large 7. !

13
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Uncertainty analysis to A = 3to 5 'J JULICH

- expansion parameter O should be consistent with assumption W,
of k independent distribution of ¢,

- distribution of of prior should be consistent with observed pattern for ¢,
- few orders used cannot entirely remove prior dependence

4_ [ ]
Q =04 21 ¢ .
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Hoai Le et al. arXiv:2308.01756.
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o

0, vy and 7, are chosen using all available data (NN and YN ConvergenceS

NRW-FAIR

- uncertainties are extracted using c; for NN or YN convergence

- use ¢, of individual hypernuclei

=P ndividual uncertainties for NN and YN convergence for each separation energy

consistent with experimental data
cutoff dependence always at least NLO (YNN missing!)

0.23- DoB 95%
020_ DoB 68%
® Ay =450MeV
; 0.181 ® cutoff dependence of N4LO+*
)
S 0.15- 4+ en || |
= o 1
1 @ ]
%0'12 ! o . ° !
> | 1 1
m 0.10
0.08 -
0.05 -
LO NLO N2LO N3LO N4LO* Exp LO NLO N2LO EXp
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Application to 7 He §)JoLicH

\ v /) RWR =
. DoB 95% - =
4.00 -+
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Q o 4 +
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- without YNN: sizable uncertainties at A = 4 and 5 o [R

. A = 3 sufficiently accurate

- NN/YN dependence small at least for A = 3

nucleus Agsg(NN) Ags(YN)
fle 0.011 0.015
jllHe (O"‘) 0.157 0.239
jllHe (17) 0.114 0.214
iHe 0.529 0.881
12 - DoB 95%
DoB 68%
| (] /\NN=450 MeV
— 10 @ cutoff dependence of N*LO*
= & Exp.
Q
= 87
—~ o
T 6-
05
o 4 0
o o o e ° ° -
2_
®
LO NLO N?LO N3LO N4LO* Exp LO NLO NZLO Exp
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- formally leading contributions:

Goldstone boson mass difference p A n Au
— very small due to the small K+ 50
relative difference of kaon masses ) * ®----- °
- subleading but most important A D A n

— effective CSB AATT coupling constant (Dalitz, van Hippel, 1964)

faan = —2<20|3m|A> + (w218 M ) fasz = (—0.0297 — 0.0106
AAT — Mo — ma M% _ Mio AXT =~ (_ . — U. )fAEn
A N A N A N A N
0
0——7[——0 e OM
ﬁ 0 0 ‘_77_._7'(;0.
- 0 2
Tt s Om o " oM
A N A N A N A N
- so far less considered, but equally important N N

— (CSB contact interactions (for singlet and triplet)

Aim: use A=4 hypernuclei to determine the two unknown
CSB LECs and predict An scattering

(so far: NLO13 and NLO19) A N

18
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S H+ A 0 3He + A
(Schulz et al.,2016; Yamamoto, 2015) -/
1.067+0.08 1+ 09842005
1* e— e | L YT O $ - 83194 keV
\ 1.09+0.02 1.406 £ 0.003
O —srroorr | T 0* e — ~ § 233292 kev
2.39+0. 05
iy IHe - Adjust the two CSB contact interactions to
N % N . .
B, [MeV] one main scenario (CSB1)
A NLO13 NLO19
CSCSB CtCSB CSCSB CtCSB
500 4.691 x 1073 —9.294 x 104 5.590 x 103 —9.505 x 10~
550 6.724 x 1073 —8.625 x 10~ 6.863 x 1073 —1.260 x 1073
600 9.960 x 1073 —9.870 x 10~ 9.217 x 1073 —1.305 x 1073
650 1.500 x 10~2 —1.142 x 1073 1.240 x 1072 —1.395 x 1073

The values of the LECs are in 10* GeV 2

300 1

- Size of LECs as expected by power counting

2001

2 -
my—m, (M, 4 3 104 g
Cs7~03-0.04-0.5-10*GeV x 6- 1077 - 10*GeV :
m,+my; \ A ’ = |
. . . bty
- Problem: large experimental uncertainty of experiment o] | bt
- here only fit to central values to test theoretical | —
uncertainties (see Haidenbauer, MeiRner, AN (2021)) o & ¢ ¢ o o o "
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- YN interaction adjusted to the hypertriton — YNN is small @)

- based only on YN interactions: splitting for AH IS not well reproduced — YNN(?)

- NLO19 gives better results for AHe and heavier hypernuclei
— accidentally small YNN interaction?

- uncertainties are numerical — no estimate of chiral uncertainties yet

8{ ¢ NLO13(500) |
| § NLO19(500) 1.

6-_ I =XPp- I * o o“ T
> | NN SMS N*LO*(450) + 3N N2LO(450) } B e
o2
= 4-
N - L 4
af] -

2 L} I'I

0 * o= (see Le, Haidenbauer, Meifner, AN (2023))

?,,\\,\(1/2’“5 LI\\\—\(Oﬂ LI\\\—\(lﬂ °He 7,\L_\(1,2+,0) fls\\_\(llﬁ

20
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- CSB of singlet and triplet states interferes differently )
- CSB still not fixed — experimental uncertainty is large

- scenario studied here is only marginally consistent with CSBin A = 8

ﬁ $ NLO13(500)
3001 ®  FY-NLO19(500)
' ¢ NLO19(500)
200'_
3 100
Z 1 (see Le, Haidenbauer, Meil3ner, AN (2023))
) j ?
O O_ ........................................................................................................................ { ..... {“ ......................................................................................
_100.: ) E ! ¢
—200- | | | |
At At T B}
L/\\\_\e,‘,‘\\—\e.o L/\\\_\e,‘,‘\\—\.l TBe AL eBe —~ A
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CSB [keV]

New STAR data for A = 4 CSB ¢) JULICH

200 1

100 1

—100;
—200 1

—300;
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- fit to STAR data only BV T
- only slight adjustment required

 improves description to p-shell CSB

- higher experimental accuracy is desirable

- good example of using hypernuclei to determine YN interactions

300

- ® NLO19-CSB
@® NLO19-CSB*
2 Exp NLO19(500) | CSB | CSB*
I )
. e { alP -2.91 2.65 | -2.58
K )
i | { aln -2.91 -3.20 | -3.29
................. 2036 Lo I{ Jas 0 0.55 | 0.71
) . ) a;'? -1.42 157 | -1.52
cTAR * y am -1.41 -1.45 | -1.49
day -0.01 -0.12 | -0.03
AHe,L}\He;()* e 4\.\-1+ 18e - [\ 3Be - BLi | |
A (see Le, Haidenbauer, Meil3ner, AN (2023))
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— - 6
S = — 2 hypernuclei— , 'He

2.251
.- AA excess binding energy 200
o _
_ A-1 A A=2x) 5 150
=2E ("{X) — E (\pX) —E (*7°X) g 1*°
©31.25

2
@ 1.00
0.75
- NN, YN and YY interactions contribute 0.50

- use NN and YN that describe nuclei
and single A hypernuclei

- small Ayy dependence (no induced YYN forces used!)

- LO overbinds YY
- NLO predicts binding fairly well

JULICH
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'J

Nagara Event

YY LO(600)
YY NLO(600)

1.50 1.75 2.00 2.25 2.50 2.75 3.00
Ayy [fm~1]

NN SMS N4LO+(450) Ayy = 1.6 fm™!
YN NLO19(650) Ay = 0.868 fm™!

Can an S = — 2 bound state for A = 4.5 be expected?
(Le, Haidenbauer, Meil3ner, AN, 2021)

23



S = — 2 hypernuclei — ,

NN SMS N4LO+(450) Ayy = 1.6 fm™!

YN NLO19(650) Ayy = 0.868 fm™!

22 YY LO(600)
YY NLO(600)

AB/\/\(A/S\HG) [MeV]
- N
fos o

| (Le, Haidenbauer, Meif3ner, AN, 2021)

1.50 1.75 2.00 2.25 2.50 2.75 3.00
Avy [fm~1]

E(,AH) [MeV]

—2.05

I I I I I
N N N N N
w N N = =
o Ul o Ul o

—2.351

5 4
*He & ,\H 'J JULICH
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uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

1.50 1.75 2.00 2.25 2.50 2.75 3.00
Ayy [fm~1]

- A = 5: AA excess binding energy & A = 4: binding energy

- A = 5:LO & NLO predicts bound state

- A = 4: NLO unbound, LO at threshold to binding (see also Contessi et al., 2019)

- excess energy larger for A = 5 than for A = 6 (in contrast to Filikhin et al., 2002!)

S = — 2 bound state for A = 5 can be expected,
for A = 4 less likely but not ruled out!

24
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= hypernuclei

P —

. experimentally accessible: = capture process (experimental data for >C and 12Be)

- =ZN — AA conversion channel open: possibly short life times/difficult calculations
- HAL QCD & chiral YY interactions indicate suppression ZN — AA transition

- =N interaction relevant: = is often the second hyperon to appear in neutron matter

Identify possibly interesting states:
calculations based on chiral interactions neglecting EN — AA transitions

(keeping EN — A2, 22)) =mmafp- states are bound states

finetuning of 'S, interaction to correct for missing AA channel

neglect YN interaction to avoid transitions to AA

perturbative width estimates indicate small widths ¢/

Here: look at ;H (exp. expected), SEH éH and én

explore possible bound states and their widths

25



= hypernuclei
= separation energies (NLO(500) and SMS N4LO*(450))

UJ JULICH

Forschungszentrum

‘m
NRW-FAIR

\\.z */‘

80
60-_ .... x xyxx ............ .Symb.OI.SHALQCD
TH(T,0) 0.48 + 0.01 0.74
4n0t, 1) 0.71 +0.08 0.2 =
An(1t, 1) 0.64 +0.11 0.01 g
= S, 20 -
45' (O+a O) _ T © -
SHA™, L 2164010 0.19 o
THE', 3 3504039 02 20
VS=— Ecm [MeV]
1150 3150 13S1 3351
TH(1T,0) —1.95 0.02 — 0.7 —2.31
tn(0T, 1) — 0.6 0.25 — 0.004 —0.74
tn(1T, 1) —0.02 0.16 —0.13 —1.14
LH(OT,0) — 0.002 0.08 —0.01 — 0.006
TH(1/2%,1/2) —0.96 0.94 —0.58 — 3.63
LH(1/2%,3/2) —1.23 1.79 —0.79 — 6.74

(Le, Haidenbauer, Meil3ner, AN, 2021) 26



lJ JULICH

Forschungszentrum

Conclusions & Outlook

& m\ [ RUB -
b \ /' NRW-FAIR
_ . =
VI

* Hypernuclei provide important constraints on YN and YY interactions
o 1SO AN scattering length & f\H

° 1SO A scattering length & A/6\He & predictions for A=4,5

e Light =-hypernuclei exist and provide information on the =N interaction
o CSBof AN scattering & ‘\He / AH

e J-NCSM
* reliable predictions are possible for ranges of interactions for S = — 1 and —2

* next steps
* estimates of chiral 3BFs are needed (implementing Petschauer et al., (2016))
* study CSB of p-shell hypernuclei

* study dependence of S = — 2 results on chiral orders and regulators.
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