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e |ntroduction
e Numerical technique
» Jacobi no-core shell model for S=0, -1 systems

> Similarity Renormalization Group (SRG)

e Results for A = 3 — 6 nuclei with chiral NN + 3N interactions
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e Results for A =4 — 7 A hypernuclei: f\He, f\He, Z\Li

e Summary
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Ab initio (hyper)nuclear structure calculations #) J0LICH
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Goal: solving the non-relativistic A-body Schrodinger Eq. for bound states

H|Y,)=E,|¥,), H= Z—+ ZVNN,J+ Z VNN +ZVYN

i<j=1 i<j<k=1
ab initio:
e nucleons and hyperons are fundamental degrees of freedom

e realistic (microscopic) nuclear interactions as in put: chiral EFT NN, 3N +YN
e controlled & improvable truncations

ab initio (few)many-body approaches:

Faddeev-Yakubovsky integral equation, exact solutions for A < 4, arXiv:nucl-th/0004023
e Green’s function Monte Carlo, require local interactions, arXiv:0804.3501

® No-core shell model (NCSM), arXiv:0904.0463
® Coupled-cluster method, arXiv:1312.7872

e [attice Monte Carlo, suitable for states with complex geometries, arXiv:0804.3501

—» need large model space (soft interactions)
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Ab initio (hyper)nuclear structure calculations

|

At our disposal:

e Faddeev-Yakubovsky method (A. Nogga) A < 4 (hyper)nuclei
e Jacobi NCSM (HL, S. Liebig, A. Nogga) (hyper)nuclei up to p—she =
arXiv:1510.06070v1 , arXiv:2008.11565v2 ==
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(HYP 2006)


https://arxiv.org/abs/2008.11565v2
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No-core shell model (NCSM) #) 0LICH
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e |dea: represent the A-body translationally invariant (hyper)nuclear Hamiltonian
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in a basis constructed from HO functions: ¢,,,,(p) = (p|nlm) =R (p)Y,, (D)

e Two approaches to construct basis states:

» Slater determinant basis depending on single-particle coordinates (m-scheme NCSM)
— antisymmetric, but contain CM motion = large dimension

— importance truncated basis (IT-NCSM) for p-shell
(R. Wirth et al PRL (2014,2016), PRC(2018) )

> Jacobi basis expressed in relative Jacobi coordinate (Jacobi NCSM): | O )= |/ TT,i) Q/

—» preserve translational symmetry of H, no CM motion = small dimension

—» antisymmetrization of basis states is demanding A <9
(H. Le at al EPJA 8 (2020), PLB (2020)) 4
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Hamiltonian matrix elements in Jacobi basis

A
2 pl]
- 3 GH e B - B 3w
i<j=1 i<j<k=1 i<j=1 i<j<k=1

e evaluating (iANJT |HNiNJIT) = Q)| HN | Q):

N
» transformation to other bases
-0

trans. coefficients
1O >

3N
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—» for 2N forces

|'\O> — for 3N forces

> @ YW@= @ ool 3 Lol lO)

i<j=1 i<j=1
= !/<O core(A 2) < > (alzlh |a12> /<O |O

2-body matrix element

e basis truncation:

N = '/VA—Z +N2N + 2n/12N + /IZN = ‘/VA—3 +N3N + /13N + 27’1/131\[ < /Vmax — Eb = Eb(a)’ N

|—> require 4, .

arXiv:1510.06070v1

max)

— oo extrapolation
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Extrapolation of binding energies #) J0LICH
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e Two parameters in NCSM: HO-w,and /' = E, = E,(w, /)

2
Efw, V) = E  + x(log(w) — log(®,,,)) E,=E_+Ae "

~7.551 - 4H€
_. —7.601 E/V+2 - E./V
>
S -7.65] NN : #N*LO + (500)
2 770 A =20fm!
E —=7.751

—7.80 1 5E = Eoo - E'/Vmax

oL
-7.85{ ¢ ' — *
12 16 20 24 28 32 10 12 14 16 18 20 22
w [MeV] N
¥ . ®,, shifts to smaller values as ./ increases - £ converges to L strictly from above

> w-dependence energy curves flatten with increasing ./
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Chiral NN & YN interactions #) )OLICH
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BB force 3B force
LO (QV) >< \»* 7. K.n L 2 (5) NN (YN) LECs
o _ short range parameters
Weinberg '90

NLO (Q2) >< {:ZZZ:{ \-:Zij [inj [1 — +7 (+23) NN (YN) LECs

Ordonez, van Kolck 92

Ordonez, van Kolck 92 van Kolck ’94; Epelbaum et al. ’02
NPLO (@) >< ++ i‘ E‘"‘?j R [ [>< +12 NN LECs
Kaiser 00 - ‘02 Bernard, Epelbaum, HK, MeiBner,’08, ’11
- S L4 o -9
N4LO (Q5 T X[ @uiiy faetp eee A -t
0 (@9 K R S SN +5 NN LECs
Entem, Kaiser, Machleidt, Nosyk "15 Girlanda, Kievsky, Viviani *11

Epelbaum, HK, Mei3ner *15 HK, Gasparyan, Epelbaum ’12,’13

(adapted from K. Hermann CD workshop, 18th November 2021)

e |LECs are determined via a fit to experiment:

» 5000 NN data + deutron —» NN forces up to N*LO+, 3NF up to N°’LO (Bochum, Bonn, Idaho,...)
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» 37 YN data, no YN bound state —» YN forces up to NLO (NLO13, NLO19 J. Haidenbauer, U-G. MeiRner,..)

— additional constraints are expected from studying (light) hypernuclei or lattice simulations 7



Convergence of E with respect to ./ #) )0LICH
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e BB interactions contain short-range and tensor correlations that couple
low- and high-momentum states —» NCSM calculations converge slowly

7 NZLO(500) 2.24 [fm~1]
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(<)
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m |
n
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o
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e
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- |
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—28.51
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Similarity Renormalization Group (SRG) J JULICH

FORSCHUNGSZENTRUM

ldea: continuously apply unitary transformation to H to suppress off-diagonal matrix elements

— observables are conserved due to unitarity of transformation

F.J. Wegner NPB 90 (2000). S.K. Bogner, R.J. Furnstahl, R.J. Perry PRC 75 (2007)

dV(s)

ds

= ||Tep V(5)|, H(s)], H(s) =T, + V(s); Ly=T+T=Tn+T1T =13+ 1,
e separate SRG flow equations for NN (YN) and 3N interactions:

dVij
e [T, Vijl. Tij + Vijl.
dViy3

ds

= [[T12, Vi2], V31 + Va3 + Vi3]

+ [[T31, V311, Vi2 + Va3 + Vi3] Egs.(1)
+ [[T23, V23], V12 + V31 + Vi3]
+ [[Trel1, Vi23l, Hy] .

dV123

— no disconnected terms in =
S

: dangerous delta functions are cancelled

* Egs.(1) are solved by projecting on a partial-wave decomposed Jacobi-momentum basis



SRG evolution of NN, YN #) )0LICH
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o = (4/42/5)1/4, [A] = [p]: 4 ~ width of the band-diagonal structure of V in p-space
(S.K. Bogner et al. PRC 75 (2007)\ NLO19(500) 3.0 [fm_l] 1.6 [fm—l] |
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( HL et al EPJA 8 (2020) ) 10
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e h dius: £2 = 2 3, 2p T , ,
yperra IUS: 5 =p +Zq, tan9=\/_—3, 9=E, a=a =1 = V123=V123(§,§)
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3N: yN?LO(550)
11
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—8.2 1

3N: yN2LO(500)
cp=—1.28, cg =—-0.38

E(3H) [MeV]

—— NN-only
—— NN +3N-full

_g 6_‘ —#— NN +3N srg-induced

2 4 6 8 10 12 14
Alfm~1]

SRG is approximately unitary if higher-body forces are omitted

Vo

chaft

contributions from the SRG-induced and (bare) chiral 3N forces are comparable
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Results forA =3 —6

3N + 2N : ¥N?LO(500)

N2LO(500) N2LO(500) + 3N
J—NCSM F—Y*
H ~7.92 —8.477 —8.482
“He ~25.85 —28.57 _28.72
°Li(1%) -2877(5)  —32.19(20)
E(°Li,3%)  2.81(7) 2.16(7)

* P, Maris et. al., PRC 103. 054001

Exp.

—8.482

—28.296

—31.99

2.19
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Impact of YN interactions on B, #) 0LICH
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* NLO13 and NLO19 are almost phase equivalent (J.Haidenbauer et al NPA 915 2019))

e NLO13 leads to a stronger AN — 2N transition —» manifest in higher-body observables

2 MeV
NN:SMS N*L0+(450)

Ba(fHe, 0%) [MeV]

—A— NLO13-500
—*— NLO13-550
—>— NLO13-600
—o—
_*_
_.*._
_*_
_..,_

1.0 15 2.0 2.5 3.0 1.0 15 2.0 25 3.0
-1 -1

)\YN [fm ] }\YN [fm ] NL013-650

NLO19-500

NLO19-550

NLO19-600

NLO19-650
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5 MeV 6MeV (HL et al EPJA (2020))

1Li(1/2%)

Ba(3He) [MeV]
J.> (6, ]

BACLI, 1/2+) [MeV]

w

1.0 15 2.0 2’5 3.0 0.8 1.0 12 1.4 16
Ayn [Fm~1] Ayn [fm~1]

e B,(NLOI19)> B,(NLOI13) —» possible contribution of chiral YNN force
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e B, is strongly dependent on Ay, — contribution of SRG-induced YNN force is significant
( R. Wirth et al PRL (2014,2016), PRC(2018) )
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Impact of an increased B, (;H) on Z\Li spectrum !) JULICH
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e Choose Ay, to reproduce: B, (o He) = 3.12 = 0.02 MeV

BA(f\H) is used to fix relative strength of spin singlet/triplet AN interaction

B,(GH) = 0.13 £0.05 MeV (up to 2019: NLO13, NLO19) (J.Haidenbauer et al NPA 915 2019))
=0.41=*=0.12MeV (STAR 2019: FITA, FITB, FITC) ( HL et al PLB (2020)
6] 77 :
Li ALl
4 A 34 398 393 393 395
0+ _3:56 340
3.17 3.24 330, == 1/2%1
3 2o e 22 283
— 5+ 219 7 2.16 2.56 269 --- 2.06 +
%J 2 NN+3NF 242 23 NN T2
= s 27
S 1
- 0.35 0.41 0.2/
024~ 017 s -SmmEEIS 023 554
0 1 — = o
g + & N\_048 -EEmmm -0.46 +
3 _1] N > O B = ¢
SO P s
T < Q L
3 3
g

— overall effect of an increased BA(E’\H) on Z\Li spectrum is small 15
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Summary

* Develop ab initio Jacobi NCSM for light nuclei & hypernuclei
» study A = 3 — 6 nuclei using chiral NN & 3N at N°LO

— accurate prediction for the binding and first excitation energies
» investigate A = 4 — 7 A hypernuclei using chiral YN NLO13 & NLO19 potentials

—» SRG-YN evolution strongly affects the A-separation energies
difference in NLO13 & NLO19 predictions is attributed to contribution of 3BFs

e On going project: inclusion of SRG-induced (chiral) YNN forces

— using information on light hypernuclei to constrain YN interactions

chaft

Thank you for the attention!
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Correlation of the A-separation energies O JULICH

FORSCHUNGSZENTRUM

e B, of different hypernuclei computed for a same range of Ay, are strongly correlated

Ay =2.0 Ay =24 Ayw=2.0 Ay =2.4
7 a An=26 7 Mn=2.6
Ay =3.0 Ay =3.0
61 61
<) 0
& ] =51
4-
AH(1/2%) 4 AH/\ He(0")
31 Ayn=0.836 AL e Expt  Expt
010 015 020 025 030 035 15 2.0 25 30 35 3
BI\(/3\H. %+) B/\(;‘\HE/;‘\H,O"') IdahO'N LO(500)
— , YN-NLO19(600)
—Am=2.4
7‘ AyN=2.6
Ayy=3.0 71
6 I/\m:l.ﬁ
2 2 °]
< 414 + =
5_
@ AH/AHe(l ) @ 5]
: g TLi(1/2+
|
Expt Expt A ( )
3 . . , , , , . . 3 Ayy =0.836
1.00 1.25 150 175 2.00 225 250 2.75 5 6 7 3 9 10 11 12
Ba({He/3H, 1+) BA(ALI, 3 *)

e B,of H, 4He(1"), >He and ’Li are well reproduced at 1,y = 0.84 fm™!
AOTH A A YN
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—» minimize effect of YNN forces by tuning /IYN so that a particular hypernucleus (iHe)
is properly described 9



YN interactions at NLO

e two realisations at NLO: NLO13 and NLO19

> almost phase equivalent
> NLO13 leads to a larger transition potential V y_sx

not a two-body observable

) [ © [
10 -10+- b
20 Without =N o WIthIN |
_30 L | L | L | L | L _30 L L L | L | L 1 L
0 100 200 300 400 500 0 100 200 300 400 500
Py (MeV/c) Pap (MeV/c)
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o (mb)

NLO13: J. Haidenbauer et al., NPA 915 (2013), NLO19: EPJ A 56 (2019) 91

Ap —

* most of YN LECs are fitted to 36 YN data points (Ap — Ap, EN - XN, EN — AN)
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| @ NLO13
NLO19 |

100 -

~

PR AT S N

1 .|
J&-#—C—
I el
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(Haidenbauer 2019)

— NLO13 and NLO19 as a tool to estimate contribution of YNN force
(J. Haidenbauer et al. EPJA 56 (2019))
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Ayy = 500,...650 MeV

I—}estimate theoretical
uncertainty



