PREDICTING HYPERNUCLEI BASED ON CHIRAL INTERACTIONS

15th International Conference on Hypernuclear and Strange Particle Physics (HYP2025)

Oct 1st | Andreas Nogga

* YN & YY interactions
* Tools: Faddeev-Yakubovsky, J-NCSM & SRG

e Determination of CSB contact interactions and An scattering length
& Application to A = 7 and 8 hypernuclei
e Uncertainty of A separation energies & chiral YNN interactions

e S = — 2 hypernuclei: predictions for A < 7

e Conclusions & Outlook
In collaboration with Johann Haidenbauer, Hoai Le, Ulf Meil3ner
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HYPERNUCLEAR INTERACTIONS

* Why is understanding hypernuclear interactions interesting?
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HYPERNUCLEI

Only few YN data. Hypernuclear data provides additional constraints.

* AN interactions are generally weaker than the NN interaction
° naively: core nucleus + hyperons

* separation energies quite independent from NN(+3N) interaction

* no Pauli blocking of A in nuclel
* good to study nuclear structure

* even light hypernuclei exist in several spin states

* hon-trivial constraints on the YN interaction

* size of YNN interactions”? === need to include A-2 conversion! &

?

)

‘ (from Panda@FAIR web page)
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* Chiral EFT implements chiral symmetry of QCD . breakdown scale ~ 600 — 700 MeV
° SymmetrieS constrain eXChangeS of Goldstone e Semi-local momentum regu|arization (SMS) up to
bosons N2LO (for YN)
* relations of two- and three- and more-baryon
Interactions BB force 3B force 4B force
| | | 5(+1) NN/YN (YY)
LO | >< t--1 — — short range parameters
NIRRT 23(+5) NN/YN (YY)
NLO EREEN N — § — short range parameters
§ ) § § no additional contact terms in
N2LO . Ty ol | . $-0-4 ---X X _ NN/YN

(adapted from Epelbaum, 2008)

Retain flexibility to adjust to data due to counter terms — LECs are not uniquely determined yet
Regulator required — cutoff/different orders often used to estimate uncertainty Emulsion: talk by Kasagi (Tuesday, parallel)
A—2 (AN — 22 — EN) conversion is explicitly included (3BFs only in N2LO) MAMI: talk by Kino (Tuesday, parallel)

: : : 4
Hypertriton used to determine spin dependence
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SMS NLO/NZLO INTERACTION

selected results (show A = 550 MeV, others are very similar in quality)

* alternative fit
* new data provides new constraints!

» total cross sections very similar in NLO and N2LO
 similar to NLO19 (and NLO13)
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J. Haidenbauer et al. EPJ A 59, 63 (2023)



YY INTERACTION

» adjusted to scarce data & LQCD (HAL QCLC

-

)

« updated version consistent with =-nuclei (only change in =N 3351)
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Need reliable predictions for hypernuclei to further constrain interactions Mitglied der Helmholtz-Gemeinschaft

Faddeev-Yakubovsky (FY) equations for A = 3 and 4 (momentum space)
* long distance tails of wave functions can be well represented

uses Jacobi coordinates separating off CM motion
chiral interactions can be directly used
hugh linear eigenvalue problem (dimension 10°x109) even for A=4 systems

Is feasible only forA< 4 (see Haidenbauer et al. arXiv:2508.05243 [nucl-th] (2025) )

Jacobi-no core shell model (J-NCSM) for A > 4 (HO space)

smaller dimensions allow to tackle p-shell nuclel
exact antisymmetrization of wave functions can be prepared
uses Jacobi coordinates separating off CM motion
chiral interactions require similarity renormalization group (SRG) evolution
long distance wave functions require large HO model spaces
(see Liebig et al. EPJ A (2016); Le et al., EPJA 56,301 (2020); Le et al., EPJA (2021))

Many more approaches: talks by Hildenbrand, Tian, Umeya (Monday,parallel), Hiyama (Tuesday), Kamada (Tuesday,parallel),

Gazda (Wednesday,parallel)



SRG DEPENDENCE OF RESULTS 'J JULICH <=

g SRG-induced 3N and YNN interactions Mitglied der Helmholtz-Gemeinschaft
. “*He binding energies varies by ~ 100 — 200 keV (relevant in the future?)

» separation energies are even less dependent (YNNN forces small)

ol T NN: N4LO*, 3N: N2LO(450): YN: N2LO(550)
n € - .
_ T o——"‘:’"o’-o__o'ﬁ\\ ) A__‘—*)_
2721 o 4 3 5.
NN: N'LO* (A=450) '
3NFs: N°LO(A=450) -
3 276 — 2 | >
= ' ——  Yakubovsky, no SRG Y 30- —A— /\He
g - | 0- -0 Yakubovsky, NN + 3N-induced 4 ] = -
& E ®—® Yakubovsky, NN + 3NFs He . I_<I ' —— ?\He(o_l_ )
- X NCSM, NN + 3N-induced m '
,sl. | + NCSM, NN +3NFs B 5 .
—e — /—‘_\ _
-28.4j —H 2.0- o ® - "
] | | IOICI)()1 | ] | ] 1 1 IE).L)I | ] | | 1 1 1 IOIl | 1.I88 2:0 2.I24 2:6 3:0 ®
SRG parameter o (fm4) )\ [fm -1 ]
(Maris et al. Front. Phys. 11,1098262 (2023)) (see Le et al. PRC 102,024002 (2023))

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



CSB CONTRIBUTIONS TO YN INTERACTIONS 9§

p

» formally leading contributions: Goldstone boson mass difference
— very small due to the small relative difference of kaon masses

A

JULICH

Forschungszentrum
Mitglied der Helmholtz-Gemeinschaft

» subleading but most important — effective CSB A/ATT coupling constant (Dalitz, von Hippel, 1964)

A N A N A N
7'('0 (5 — -
0‘ _____ 1 o. " n fadn = —2<ZO|8m|A> - (1M 1) fazz ~ (—0.0297 — 0.0106) f
> . D i o — _5;\25 ¢ =l 0 O P----- AAw g —ma M% - Mio _ AT . : AT
A N A N A N
» so far less considered but necessary for proper renormalization — 2 CSB contact interactions

Need to determine two unknown CSB LECs and predict An scattering



FIT OF CSB CONTACT INTERACTIONS
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3H+ A 0 3He + A\
(Schulz et al.,2016; Yamamoto, 2015)
LT S R e oo 4 3s9a ke » Adjust the two CSB contact interactions to one main scenario (CSB1)
Iﬂ-oz 1.4060.003 » update: Mainz average of CSB including new star data: 178 * 55 keV/
O isrsoorr [T 0 Y __ | 233292 keV —139 = 58 keV
2.39+£0.05
tH tHe

\4

B, [MeV] This was not used here.

 Fit of counter terms to data: size of LECs as expected by power counting

m;—m

2
U Mﬂ ~ 4 -2 -3 4 -2
( ) Cor~03-0.04-05-107GeV™"x 6- 107" - 107 GeV
m, -+ mg, A ’

» problem: large experimental uncertainty of experiment
=P |ater adjustment of CSB predictions is likely

* up to now: fit to central values to test theoretical uncertainties

AE[keV]

(see Haidenbauer et al. FBS 62,105 (2021))
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APPLICATION TOA = 7 AND 3

Status of /A\-separation energies for A = 3 — 7 (non CSB)
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* YN interaction adjusted to the hypertriton — YNN is small

« based only on YN interactions: splitting for f\H IS not well reproduced — YNN(?)

« NLO19 gives better results for f\He and heavier hypernuclei — accidentally small YNN interaction?

* uncertainties are numerical — no estimate of chiral uncertainties yet

8-

I NLO19(500) 1.
¢ Exp. ) . L T
O T b Emul.
| NN SMS N*LO*(450) + 3N N2LO(450) | coum emul

¢ NLO13(500)

(see Le et al. PRC 102,024002 (2023))
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PREDICTIONS FOR A = 2,7 AND 38 JULICH
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» CSB scattering length predicted independent of the realization

* keep in mind: CSB still not fixed — experimental uncertainty is large
» scenario studied here is only marginally consistent with CSBin A = 8

Mitglied der Helmholtz-Gemeinschaft

(Le et al. PRC 102,024002 (2023))

DFT: talk by Tanimura (Monday,parallel)

: § NLO13(500)
o B N019(00) T Ap | An oAn
| ERY i e b 2t e ot
200- NLO13(500) | -2.604 -1.647 | -3.267 -1.561
| ! NLO13(550) | -2.586 -1.551 | -3.291  -1.469
3 100- NLO13(600) | -2.588 -1.573 | -3.291 -1.487
§ ; | NLO13(650) | -2.592 -1.538 | -3.271 -1.452
e ——— NLO19(500) | -2.649 -1.580 | -3.202 -1.467
| { { NLO19(550) | -2.640 -1.524 | -3.205 -1.407
~100- R ¢ NLO19(600) | -2.632 -1.473 | -3.227 -1.362
| NLO19(650) | -2.620 -1.464 | -3.225 -1.365
~200- | | |
e ,L,\\\—\e;0+ e ’Alf\\_\_’l—\' 15e _n - _8yi (Haidenbauer et al. FBS 62,105 (2021))
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USING STAR DATAFORA =4 CSB ... 9

. f|t tO STAR data Only Mitglied der Helmholtz-Gemeinschaft
 only slight adjustment required

* improves description to p-shell CSB

* higher experimental accuracy is desirable

» good example of using hypernuclei to determine YN interactions

1 T ® NLO19-CSB
300_3 T (see Le et al. PRC 102,024002 (2023)) & nLO19-CSB®
5 | $ B0 NLO19(500) | CSB | CSB*
2001 * STAR Ap
. Lo e { a’ -2.91 265 | -2.58
> 100 T Lo { T a/n -2.91 320 | -3.29
=S 2008 | R i ! Sa. 0 0.55 0.71
m : 1 L
3 _100- A s ¢ $ | ai? -1.42 1.57 | -1.52
5 STAR “ 1l an _1.41 145 | -1.49
—200 - -
] oa -0.01 -0.12 -0.03
—300 -
e - arie; 0" spie - G 18e AR sBe - 8L updated STAR data: talk by Shao (Tuesday,parallel)
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UNCERTAINTY ANALYSIS FORA =3TO5

Results for different orders enable uncertainty estimate:

SMS YN interactions up order N2LO, but neglected Y NN interaction here
* Ansatz for the order by order convergence (Melendez et al. PRC 2017,2019):

K
Xk = Xyef z c, O  where Q=MYIA, (Xief LO, €xp., max, ...)
k=0

0
o Extracting ¢, for k < K from calculation ===p probability distributions for ¢, =y 0X; = X,,ef Z Cr Ok
k=K+1

0.23
0.20
S 0.18

()
S 0.15-
= o o

(i_f 0.12_ ® ! o o ® = !
= | A4
+ 0.10

0.08 -

Le et al. EPJ A 60, 3 (2024)
0.05 -

O NLO N2LO N3LO N*LO* Exp LO NLO N2LO EXp 14



APPLICATION TO > He AND SUMMARY

without YNN: sizable uncertainties at A = 4 and 5

BA(RHe)[MeV]

A = 3 sufficiently accurate

NN/YN dependence small at least for A = 3

at the same time: obtain estimate of YNN contribution!

12 1

10 1

/.
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nucleus Ags(NN) Ags(YN)

31 0.011 0.015

4 He (0F) 0.157 0.239

1 He (11) 0.114 0.214
— 5 He 0.529 0.881

DoB 95%
DoB 68% Le et al. EPJ A60, 3 (2024)
® N\yw= 450 MeV
® cutoff dependence of N4LO*
——&— Exp.
o
. ® o ® ® 9 9 =
®
LO NLO N?LO N3LO NALO* Exp LO NLO NZLO EXp

15
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YNN (ANN) INTERACTIONS

Leading 3BF with the usual topologies (Petschauer et al. PRC 93, 014001 (2016))

ChPT ===p all octet mesons contribute ===p only take 1T explicitly into account

it X

2 LECs in ANN 2 LECs in ANN 3 LECs in ANN
(up to 10) (up to 14) 5 LECs in 2NN + 1 A-2 transition

only few data =—p need to keep the # of LECs small
Decuplet baryons (2*...) might enhance YNN partly to NLO (Petschauer et al., NPA 957, 347 (2017))

By decuplet saturation all LECs can be related to the following leading octet-decuplet transitions
(Petschauer et al. Front. Phys. 8,12 (2020))

..... x C = igA X x G;,G, == reductionto 2 LECs

16



YNN (ANN) INTERACTIONS
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Decuplet saturation relates all LECs to G, and G, Mitglied der Helmholtz-Gemeinschaft
L L L L L L B
2 2 2 !
X C2 x Gy, €6y x (G1)%(G) ; G162 ol NLO19 + density dep. AN _
x C x C(G; + 3G,) x (G, + 3G,) for ANN: 1LEC |

=P density dependent BB interactions (Petschauer et al., NPA 957, 347 (2017))
== application to nuclear matter (Haidenbauer et al., EPJ A 53, 121 (2017))

neutron stars (Logoteta et al., EJA 55, 207 (2019)) >
e contribution on the single particle potentials can be large
 realistic results seem to require partly cancelations of 21T and 111 exchange
(fixes sign of G| + 3G,!) _40‘ \ ) SCO7F
Consistent with light hypernuclei? - \:l\miCh 04
Overcome approximation of density dependent YN interactions 05 10 15 20



YNN (ANN) INTERACTIONS IN PRACTICE 'J JULICH
Decup|et approximation iINn YNN Mitglied der H:ﬁ;:;?:;izzrﬁzit;z?haft
*+{ }X X == fit Shows: not sufficient to fix spin dependence
x C? x CG,,CG, x (G, (G,)*, G,G,

Decuplet approximation for ANN contact terms

G, + 3G,)?
>K AN & Cj.CoCy Ci=Cy=" 72A = G=a

—

ad hoc choice: alter Cs:

VANN — CZ, 31 ' (32 T 33) (1 - %)2 ' ?3)

Cé Introduces a spin dependent interaction in the most relevant particle channel

18



YNN (ANN) INTERACTIONS IN PRACTICE

o Fitto O™ and 17 state of j‘\He and/or ?\He

e spin-dependence in A = 4 not well explained by
decuplet saturation
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o C} term improves 07 of Y He and 1/2% of /Li

e agreement generally much better than N°LO

6F o w/o YNN
.V _YNN(A)
5F 2 YNN(A, cf )
- ¢ Exp

> 4F

O T

= 3f

n
1F

uncertainty
Pis -f

Sy x = .

| | | | ]
3H  AH(0F)  AH(1*)  RHe ]Li(1/2%0)

[+ RUB|
) NRW-FAIR "~
g o

9) J0LicH

19



YNN PREDICTION FOR SPECTRUM OF \Li @) JULICH
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® good agreement
o (, term included, but not very important (not shown)
® higher states have significant uncertainty

O TLi
4 223 384
1 071 3.26 7 Al 342 1p+1
3_
| 2.28 2.15
~ | + 2.19 B - 205
%_) 2_ 3 \\?\:x L 2.06 7/2+
S —_— “1.8% ‘ 1.59 +
= 5/2
v
LLJ 1__
R 007 019 023 3
S— § | .
<<;\~Q (/)Q Q 232 046 1/2 +
N N\ S Q /
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. A excess binding energy AB,, = By, — 2B, = 2E (*\X) — E (,4X) — E (*7°X)

* NN, YN and YY interactions contribute

2.251 & —a— 3
- Ty
- use NN and YN that describe nuclei and single A hypernucle 5 00- &
. > j
small Ay dependence d 1.75- YY LO(600)
» uncertainties are numerical only! —~ 1.50- Y'Y NLO(600)
- ; Nagara Event
©21.25-
< I
+ LO overbinds YY 3 1.00{ R S e B
* NLO predicts binding fairly well 0.75 -
0.50-

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

(Le et al., EPJA 57,217 (2021))

Can an S = — 2 bound state for A = 4,5 be expected? .



N
N
1 |

N
o

-

AB/\/\(A/S\HQ) [MeV]
o0

YY LO(600)
YY NLO(600)

H) [MeV]

E

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

— S 4
S = — 2 HYPERNUCLEI — , He & , tH

S

—2.05 -
—2.10-
—2.15-

-2.209 |

= _2.25-

—2.35-

« 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., PLB 797, 134893 (2019))
» excess energy larger for A = 5 than for A = 6 (in contrast to Filikhin et al., PRC 65, 041001 (2002)!)

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

. experimentally accessible: =" capture process (experimental data for IESC and 152Be)
- =N — AA conversion channel open: possibly short life times/difficult calculations

- HAL QCD & chiral YY interactions: suppression =N — AA transition

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

see talk by Gal (Wednesday,parallel)
Identify possibly interesting states:

calculations based on chiral interactions neglecting ZN — AA transitions

(keeping EN — A2, 2.2)) === 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 23



=~ HYPERNUCLEI
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= separation energies (NLO(500) and SMS N4LO*(450)) Mitglied der Helmholtz-Gemeinschaft
80
| lines: NLO(500)
Bz [MeV] I" [MeV] 60, - X e symhols: HAL QCD
g — y"‘"‘*x-;\
‘}EH(1+, 0) 0.48 + 0.01 0.74 40_-( ° R R
(0t 1) 0.71 +0.08 0.2 % 14 53,
2n(dt, 1) 0.64 +0.11 0.01 e P -
e/ /e . 13S
A N 1. !’_I*I-V""v._v._;-_"_-r_r-'_'_"""I"r-r-l-.-—-
FHO', 00 - - 0 1%
@.UUOOOOOOOOOOOOQOO
_I_ 1 > 0000000 O0o0oO0
+H(; ', %) 216£0.10  0.19 | - Peec00000,
[} T T 315
+ -204 T 0
LH(3 ,3) 3.50 4 0.39 0.2 L T T e _
0....1.0....2.0....3,0....4.0....50
VS:—2 Ecm [MeV]
llSO 31SO 13S1 3351
LH(™T,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
TH(T, 0) —0.002 0.08 —0.01 — 0.006
LH(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 etal. EPJ A 57, 339 (2021)) 24
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®* YN/YY interactions not well understood
® scarce YN/YY data

® more information necessary to solve "hyperon puzzle"”

® Hypernuclei provide important constraints

o 1SO AN scattering length & ?\H

o 1SO A scattering length & A/6\He & predictions for A=4,5
e CSB of AN scattering & f\He / j‘\H

e Light A =4 — 7 ZE-hypernuclei could help to determine spin/isospin dependence in =N

®* New SMS YN interactions
¢ order LO, NLO and N2LO allow uncertainty quantification

® have a no unique determination of contact interactions (data necessary)

®* Chiral 3BF

» decuplet saturation sufficient for overall strength / spin-dependent ANN leads to further improvement

* study cutoff dependence / application to more p-shell hypernuclei necessary 25



