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e Introduction

» Baryon-Baryon interactions in chiral effective field theory (YEFT)
» Few-body techniques for S=-2

* Numerical approach:

» Similarity Renormalization Group (SRG)
» Jacobi no-core shell model (J-NCSM) for S=-2

e Results for A=4-6 A/ hypernuclei

® (Conclusions & outlook
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: H. Polinder et al., NPA 779 (2006). NLO: J. Haidenbauer et al., NPA 915 (2013)

* degrees of freedom: octet baryons (N, A, 2, ), pseudoscalar mesons (7, K, 1)
e based on Weinberg power counting as in the NN case

unresolved short-distance dynamics
is absorbed into contact terms (LECs)
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e exploit SU(3), 1o fix BBM couplings and relate various LECs, allow SU(3), breaking
where it seems appropriate

— number of LECs:
NN: 2 (LO) 7 (NLO)

YN: +3(LO)  +11 (NLO)
YY: +1(LO)  +4 (NLO)
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NLO13: J. Haidenbauer et al., NPA 915 (2013), NLO19: EPJ A 56 (2019) 91

e most of YN LECs are fitted to 36 YN data points (Ap — Ap, 2N — XN, 2N — AN)

e use BA(f\H) to fix relative strength of AN singlet/triplet interaction
Ap —Ap
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e two realisations at NLO: NLO13 and NLO19

» almost phase equivalent
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lauptman et al.
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» NLO13 leads to a larger transition potential V sy
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e most of YN LECs are fitted to 36 YN data points (Ap — Ap, 2N — XN, 2N — AN)

e use BA(;’\H) to fix relative strength of AN singlet/triplet interaction

300 —

e two realisations at NLO: NLO13 and
» almost phase equivalent

» NLO13 leads to a larger transition potential V sy

200

not an observable

o (mb)

— NLO13 and as a tool to estimate
effects from three-body forces (Haidenbauer et al. EPJA 56 (2019))

100

e chiral YN interactions give reasonable predictions
for B,and energy level splitting up to p-shell hypernuclei

haft

» R. Wirth et al., PRL (2014, 2016) PRC (2019) up to ,°C using LO
» H.Leetal, PLB 801 (2020), EPJA 56 (2020) up to 4 Li using NLO
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e information about S=-2 sector is very limited:

» some data/ limits for =N (in)elastic cross sections (200 < Pz < 800 MeV/c)
J.K. Ahn et al, PLB 633 (2006) 214

» Nagara event: AB,, = B,,(,5He) — 2B,(3He) = 1.01 + 0.2 MeV
=0.67 +0.17 MeV

H. Takahashi et al., PRL 87 (2001) 212502
K. Nakazawa et al., NPA 835 (2010) 207

= —-132<a,, <—-0.73fm (based on the 2001 value)

» some events support =-bound states

o

= —14N K. Nakazawa et al., PTEP (2015) 033D02 (KISO), arXiv : 22010.14317 [nucl-ex] (IBUKI)
== T Nagae et al., PoS (INPC2016) 038, AlIP Conf. Proc 2130 (2019), talk Theia-strong2020
= a weakly attractive Uz =~ — 14 MeV

e exploit strict SU(3), to relate LECs in S=-2 sector to LECs in S=0,-1 sectors
= 35 unknown LECs (2 in s-wave, 3 in p-wave) at NLO
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YY interactions up to NLO #))0LICH
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LO: H. Polinder et al., PLB 653 (2007) 29.
NLO: J. Haidenbauer et al., NPA 954 (2016) 273, EPJA 55 (2019) 23

e two unknown s-wave LECs are determined via a fit to the scarce YY data

— only qualitative determinations of LECs are feasible Ep>Ep

100

90 ® Ahn (2006)

B NLO19
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LO(600) -1.52 ? 20 -
NLO1 9(600) '066 ? 12 . ” /‘
ESCO08c -5.36 0.97,..,1.37 Peo 11076
15
fss2 0.32 1.27,...,1.41 . ESCO8e
10 »
Experiment ? 1.01; 0.67 .. fss2 U=(NLO16) ~
o 22.4---27.7 MeV
ESCO08c: M. M. Nagels et al., arXiv:1504:02634 s /
fss2: Y. Fujiwara et al., Prog. PNP 58 (2007) f o U=(NLO19) ~
’ | —55..-38 MeV
5
e additional constraints on YY interactions are expected from | Bt |
few-body calculations or lattice simulations 96 08 O e
Haidenbauer(2019)
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Stochastic variational method A <6
H. Nemura et al., PTP 103 (1999), PRL 94 (2005)
e AN interactions based on soft-core Nijmegen, adjusted to reproduce A =3 -5 B,
e central YY potentials, all particle conversions in S=-1, -2 are considered

— °He, ,2H/He are strongly bound, B, ,(,tH) ~ 2keV

L. Contessi et al., PLB 797 (2019)
e use pionless EFT interactions at LO
— |a,,| > 1.5 fm in order to obtain bound % H
— the existence of A“AH is incompatible with the Nagara result for A?\He
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Stochastic variational method A <6
H. Nemura et al., PTP 103 (1999), PRL 94 (2005)
e AN interactions based on soft-core Nijmegen, adjusted to reproduce A =3 -5 B,
e central YY potentials, all particle conversions in S=-1, -2 are considered

— °He, ,2H/He are strongly bound, B, ,(,tH) ~ 2keV

L. Contessi et al., PLB 797 (2019)

e use pionless EFT interactions at LO
— |a,,| > 1.5 fm in order to obtain bound % H
— the existence of ,\H is incompatible with the Nagara result for \4He

Cluster models: a’s + A's + N's

Jacobian-coordinate Gaussian expansion method A < 11
E. Hiyama et al., PTP 97 (1997), PRC 66 (2002), Ann. RNP Sci. (2018)
e use simulated G-matrix potentials derived from OBE interactions
e AN-2N,YY — EN conversions are not treated explicitly

— may affect the predictions for s-shell A /A hypernuclei, but not p-shell
(E. Hiyama talk LEAP (2013))
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Cluster models: a’s + A's + N's

Jacobian-coordinate Gaussian expansion method A < 11
E. Hiyama et al., PTP 97 (1997), PRC 66 (2002), Ann. RNP Sci. (2018)

Faddeev-Yakubovsky calculations A < 10
. Filikhin A. Gal PRL 89 (2002), NP A 707 (2002)

e employ two-range Gaussian V,,, V.

aa’

and the simulated V, but restrict to s-wave
— predictions for A‘/‘\H are model sensitive:

» no bound state using A + A +n + p model
» particle-stable within A + A + d model for —a, , > 0.5 fm

chaft
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Few-body Techniques for S=-2 () JULICH
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Cluster models: a’s + A's + N's

Jacobian-coordinate Gaussian expansion method A < 11
E. Hiyama et al., PTP 97 (1997), PRC 66 (2002), Ann. RNP Sci. (2018)

Faddeev-Yakubovsky calculations A < 10
. Filikhin A. Gal PRL 89 (2002), NP A 707 (2002)

e employ two-range Gaussian V,,, and the simulated V, but restrict to s-wave

aa’

— predictions for A‘}\H are model sensitive:

» no bound state using A + A +n + p model
» particle-stable within A + A + d model for —a, , > 0.5 fm

Our aim:
¢ develop Jacobi NCSM for S=-2 hypernuclei

» based on realistic chiral NN, YN and YY interactions
» AN—2N,YY — =N conversions are explicitly taken into account

— study predictions of LO and NLO YY potentials for A=4-6 A A hypernuclei
— provide useful constraints to improve YY interactions
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Similarity Renormalization Group (SRG)
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Similarity Renormalization Group (SRG) #) J0LICH
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e BB interactions contain short-range and tensor correlations that couple

low- and high-momentum states == NCSM calculations converge slowly

* pre-diagonalize the Hamiltonian via SRG

F.J. Wegner NPB 90 (2000). S.K. Bogner et al., PRC 75 (2007)

dv 2
- = H 12) Vs] H] H=T,+V, =T, + V™ 4+ VN 4yrY Eq.(1)
7

e restrict to 2-body space = VYV, VIV V' can be evolved separately

e project Eq.(1) on partial-wave momentum basis:  |pa) = |pUs)J;t,m, S, t,m,S,)

2 p2 p2 /2
Ta’ ’ — T }Vaa
+ TP )2ﬂa rel(P) 75— e - T5(p ) (pp’)

N 7
-~

dV**(pp")
— = = {12 )

drives V towards the diagonal

2 2 2

k 5 .,
+Z dkk2{ + 2 ~}v;‘“<pk>vsf“ (kp')
”a

2,14“

preserves unitarity

= (4/42/5)1/4 . a measure of the width of V in p-space (S.K. Bogner et al. PRC 75 (2007))
omit SRG-induced 3B, 4B... forces = E, = E, (1)
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©
3 YY‘LO, AYY == 600 MeV YY'NLO, AYY = 600 MeV
=
s
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501
150 1
1251 401
= 1001 o 301
£ £
2 3
= 751 E 20
> >
50 1 10
251 0
oL e T
o 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 1 .
lfm-] kifm-1) So partial wave,
-1 -1
(a) Ayy =98 fm (b) Ayy =3 fm Chal’ge Q_O
40
50
301 40
= T 301
m 20.
é
: g
< 10 N
10
0 0
~101 —-101
o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
k[fm=1] k[fm=1]
. -1
(©) dyy = 2.0 fm™ (d) Ayy = 1.6 fm

Diagonal matrix elements of V, , _, » potential.
Initial potential: YY-NLO, Ayy = 600 MeV.
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Jacobi No-Core Shell Model (J-NCSM)
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Jacobi No-Core Shell Model (J-NCSM) #) JOLICH
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e an expansion of the wavefunction in a many-body HO basis depending on
Jacobi coordinates

2
m, nmy T
= k, — Kk,,
P2 w2 P P3 ‘;
my +m, s Jr 5
p; = k; - k; +k,)
m; + m, + ms m; + m, + ms 1
P4
L 1
4

» explicit removal of c.m. motion = significantly reduce dimensionality as compared to
other realisations (e.g., m-scheme NCSM)

» inclusion of higher-body forces is straightforward

» antisymmetrization of basis states is demanding (A < 9)

® all particles are active (no inert core) = employ microscopic BB interactions

® converge slowly = require soft interactions (use techniques e.g., Viow _k, SRG)

12



Jacobi Basis States for S=-2

e diagonalize the hypernuclear Hamiltonian,
_ S=0 S=—1 S=-2
H=T,,+Viy +Vin +Vyy +AM+ -

in a finite A-particle harmonic oscillator (HO) basis

¢ allow all possible particle conversions:

» AN 2N in §S=-—1 sector

— split basis functions into two orthogonal sets

[AA), |AZ), | ZX)

|. :> = | NIT,ay_y nglztz; (Jy_ (U2 ) J, (Ty_12)T) = |a™®)

chaft

= hypernuclear wavefunction

W/, T)) = Y, Coomla’CHHNIT)) + Y Cpm|a” O NIT))

a 112) a @
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Yl
| I_.> = | NIT, dp—2 aYle n,l/l; ((lY1YzSYle)JYlYZ(AJA—Z)IA)L ((tYlth)TYlYZTA—2)T> = | a*(Y1Y2)>
r

13



S=-2 Hamiltonian in Jacobi Coordinates

(W(#xJT)|H|¥Y(#xJT)) = Z C 1 Cyrery v (") | H | o)
a 172)
o ")

t Z Cr@Cya (a(:)) | H | a’*(;)>
e
O
+ Z 2 Ca*(ylyz)ca,*(i) (a*(YIYZ) | H | a’*(:))
o 172)
o F®

— we distinguish three parts of the Hamiltonian:

A-2 2]?2
Hyy = (—” + V:‘.:0>
i Z M(ty,, ty,) v

i<j=1

_ 2 2
A2 my +m(ty) Ppiy, . my + m(ty) piy,

+ ( + Vil + .S;‘>
; M(ty,ty) 2y, o M(ty,ty) 2y, 2

2
thl + thz leY2

+
M(ty,tys) 2uyy,

+ Vyy 4 (m(ty) + m(ty) — 2m,)
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> system of (A-2)N + 2Y

14



S=-2 Hamiltonian in Jacobi Coordinates #) JULICH
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— we distinguish three parts of the Hamiltonian:

+AZ2 (mN + m(tYl) szl o N ny, + I’I’l(lyz) pz%’z VS:_1>
.Y ]
i1 M(tyl tYZ) 2/’tlY ll M(tYla th) 2/’£in >

thl + thZ pY1Y2

> system of (A-2)N + 2Y

+ + Vi 7+ (m(ty) +m(ty) — 2m,) y
M(ty, typ) 2uyy,
A-1 2
H- = < 2pl] SZO) \
2 = ij
i<j=1 M(=
A-1 p »
my + mg  pz; N system of (A-1)N + =
( ]]\(4 — 5 = Vij_z) + (mE + my, — 2mA) >
j i=1 (& Hei
: A-1
: Hy 2oy = Z folzy_zzal transition Hamiltonian

15
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e for evaluating, e.g. (") |H, , |a*"?>) we need to transform to other bases
142

1@ trans. coefficients I—[‘
> N /

Y, w-independence Y,

{7 } 5=0

Y Y

e basis truncation:
./V:/VA_2+NY1Y2+2H/I+)VS¢/V :’Eb:Eb(w,/V

|—> require /', . — oo extrapolation

max max)

chaft

e all bases states + trans. coefficients are independent of interactions and HO-@
= enable a series of calculations with different interactions, a range of HO-w and ./Vmax

~

-
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study chiral forces extract converged E;
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6 5 4
Results for . He, . He, .\ H

(H. Le, J. Haidenbauer, U.-G. Meillner, A. Nogga in preparation)

16
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e for all calculations use:

» NN : N*LO"(450), Ay = 1.6fm™ (P. Reinert et al. EPJA 54 (2018))

» YN : NLO19(650), Ayy = 0.87fm™"

— reproduce separation energies of ;He(1"), f\He, ] Li, but slightly underbind “He(0™)
H. Le et al.,, EPJA 56 (2020)

» YY: , NLO19(600) 1.4 < 4yy <3.0 fm™' study effects of SRG-YY evolution
\_/

e separation-energy difference:  AB,,(,%He) = B, ,(,$He) — 2B,(3He)

= 2E(3He) — E(*He) — E, ,(,%He)

— contains information about A A interaction strength, spin-dependent part
of A-core interactions, core distortions

chaft

M. Danysz et al., NP 49 (1963). E. Hiyama et al., PRC 66 (2002)
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e separation-energy difference:  AB,A(,\He) = 2EGQHe) — E(*He) — E, ,(,3He)

_ 2 .
_3E3b(a), N) = Ey + k(log(w) — log(®,,,)) JV — extrapolation
¢ N=4 4.0 T
A N=6
—34- = N=38 — 3.51 -1
* N =12
— —351 v N=14 = 3.0
? o)
= T 2577 l
o —36- é o l - - s -
(a1
—37 < s
—381 1.0 . . . . . .
12 14 16 18 20 22 24 26 28 4 6 8 10 12 14
w [MeV] N
Ps(3He, YN-NLO19) = 0.07 % 505 ]
Ay NLO(600) LO(600) . T
fm’! Pys Pys P Pys Pys Pz 1.75 ] —a— LO-600
14 | 013 011 002 | 017 004 05 = S Necarate00n
20 | 013 011 007 | 017 005 084 = 0 — Negara(2013
: 30 | 012 013 012 | 018 008 108 § 1231 L0502
é 1.00 4
i — ¢ Effect of SRG-induced YYN forces is negligible 0.75 ] 0.67 +0.17
: e NLO results are comparable to the Nagara 05—
g e NLO lead to smaller AB, , and P Av[fm™=]
:

e (no simple one-to-one connection between AB, , and Px)
18
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AB, \(, 2 He) = ByA(,3He) — 2B, (3He)

4t 4Hed™"
3He(1/2) + A(1/2) / 351

\N

N max(y He) = 16
4 3.0 1
1He(0")

N max(AHE) =22

— use spin-averaged B, (Danysz, Hiyama)

AB/\/\(A;’\HQ) [MeV]
N
vl

_ 1, 3, o] LO(600), Ayy = 2.4fm™"
B,( He) = ZBA(AHG,O+) + ZBA(AHe,lJr) c | | | | | |
4 6 8 10 12 14 16
N
o effect of SRG-induced YYN forces on > H\i\!\’\*\!\.
2.4
AB, , IS minor 5] — ,3He,LO
< 2.0 |
[}
=18
E 1.6 !—i——(—;_.ﬂ\.
RS —o— ,2He,NLO
1.2
1.0

1.50 1.75 2.00 2.25 2.50 2.75 3.00
Avy [fmM~1]
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— use spin-averaged B, (Danysz, Hiyama)

_ 1 3
B,(iHe) = ZBA(j‘\He,OJF) + ZBA(iHe,lJf)

o effect of SRG-induced YYN forces on
AB, , IS minor

e large /\/\-separation energy difference:
AB,A(\He) > AB, (G He)

(. Filikhin, A. Gal NPA 707 (2002)

Mitglied der Helmholtz-Gemeinschaft
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3.5

3.0

AB/\/\(A;’\HG) [MeV]
N
vl

LO(600), Ayy = 2.4fm™"

2.6

0.23 MeV ¢ 2.4
2] i_i‘{\—!\!\!\‘\‘

S 2.0

(V]

= 1.8

e FY calculations: AB,,(,)\He) < AB,,(,5He) 10;

4 6 8 10 12 14 16
N

JULICH
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AB, \(, 2 He) = ByA(,3He) — 2B, (3He)

N max(y He) = 16

N (tHe) =22

max\A

H\H\*\L\i\l

—— Af\He, LO

—¥— %He,LO

—— Af\He, NLO

- A?\He, NLO

1.50 1.75 2.00 2.25 2.50 2.75 3.00

Avy [fm~1]

19
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e P,s,Psyy, Pz are not very sensitive to SRG YY
e LO predicts significantly larger Pz

Avy YY-NLO(600) YY-LO(600)
fm! Py, Psx, P= Py, Psx, P=
1.4 0.61 0.07 04 0.53 0.02 1.25 PZ(j‘\He,YN-NLO19) =043 %
2.0 0.6 0.08 0.38 0.51 0.03 1.36
3.0 0.57 0.08 0.23 0.51 0.05 1.35
probabilities (%) of finding 2, 2%, = in Af\He
A?\He AS{He
Pyy  P= Baa Py P Baa
NLO(Ayy =2.0) | 0.6  0.38 3.67+0.03 | 0.13 0.07 7.62+0.02 Py(3He, YN-NLO19) = 0.07 %
LO(A\yy =2.0) | 0.51 1.36 4.53+0.01 | 017 0.84 8.4040.02
mNDs" 3.66 1.17  0.28 7.54
probabilities (%) of finding =,E and By, (MeV) in ,’He, \SHe

* H. Nemura et al., PRL 94 (2005)

e P-(,QHe) < P<(,3He) = AA —EN transition is suppressed in \4He

B. F. Gibson PTPS 117, 339 (1994), E. Hiyama talk LEAP (2013)
20
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o Is \%H stable against the breakup to 3H + A?

~1.90 T
~1.951
E(N = 36) = — 2314 % 0.009 16
~2.001
1 E(FY) = —2.333 £ 0.002 —
< —2.051 %
v 2 18]
s 2101 =
ax 2151 ; fg —2.01 4 N
Y ] + <
~2.20 AH(1/27) w0 AAH(l )
—2.251 0y
—2.301 —2.307 £0.012
12 14 16 18 20 22 24 26 28 30 32 34 36 10 12 14 16 18 20 22 24 26 28 30 32
N N
—0.81 —-2.05
- NLO(600), Ayy = 1.4fm™" —2:101 1 1 l 1 l
~1.2° —
= -2.15
: : [ [ [ [ [
s -1.471 s
= = 220
< —16 4 + L —e— NLO-600
5 ¥2 AAH(1 ) 2 -2.25 —&— L0-600
2 o -1.87 H -—- 3 T
£ _ 1
; -2.01  —2.146 +0.065 2-30%
E -2350 , , , , , ,
g 10 12 14 Te 18 20 22 24 26 28 30 3 150 1.75 2.00 2.25 2.50 2.75 3.00
: N Av[fm1]
g

— NLO leads to a particle unstable A‘/‘\H. _O results do not allow for a definite conclusion
21
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developed ab-initio Jacobi NCSM for A /A hypernuclei up to p-shell

studied the predictions of y YY LO and NLO for ,GHe, ,° He, \\H
» SRG YY evolution has minor effects on AB,, and P,s, Psy
b strongly overbinds A?\He; NLO results are comparable to experiment

» both interactions result in B, ,(,4He) < By,(,\He)

» NLO predicts a particle unstable A‘[‘\H, results do not allow for a clear conclusion yet
need to investigate impacts of ¥ NN and YN interactions on B, ,

inclusion of y and SRG-induced 3N forces, SRG-induced YNN forces is in progress

— provide meaningful constraints to improve YY interactions
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Thank You!
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