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Study of Hypernuclei

Nuclei & Hypernuclei
~3300 nuclear isotopes

~40 single Lambda hypernuclei

3 double Lambda hypernuclei

QCD — EFT

The program:

o Use obsereved hyperons properties
o Precise few-body methods

o Effective description of nature
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Hypernuclear BEFT /7#EFT in a nut shell iy sz e

Binding energy

Virtual state? (Martin's talk)

Physical resonance? (Martin's talk)

Bound?

Stable? Resonance?

77

CECIGICIE,
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Baryonic EFT

2body 3-body 4body  5body

: X 7 7
b 7 7
o ‘} ‘}
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The Nuclear Interaction - YEFT

Weinberg, van Kolck, Epelbaum, Machleidt, Meissner, ...

’ﬁQCD(q,G) — Lygrr(B,m, K) ‘

Two-nucleon force Three-nucleon force Four-nucleon force

</ XH i
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The Nuclear Interaction - YEFT
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Two-nucleon force Three-nucleon force Four-nucleon force
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One Pion Exchange =~ cxp(fuﬁr)/r‘

[0y
Vio = Ve (r) + (cs + croq - 02)d(r)
——
1—pion exchange § interactions
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o B =n,p, A are the only DOF.

B B B
B B
‘ﬁQCD(QaG) — Lygrr(B, 7, K) —>£(B)‘ N
. . B B
o L is expanded in powers of @QQ/Mj,. B B B
o Include contact terms and derivatives.

o Not too many parameters & 7 A N
£:NT(i60+V—2)N+AT(i80+V—2)A o —
2m 2m’ | ST

+Lop +L3p+ ... N A N A
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N : N A

Accuracy for light nuclei
Nuclei The pion mass is our breaking scale M,

( Q ) _ V2ByMy

= 0.5—0.8
Mh

My
Seems to work better in practice as AB(*He) ~ 10%
Hypernuclei No OPE therefore breaking scale is 2m

Q 2BAMy
(4)-225.

- 2m,

0.3
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@ Universality

o At LO, inputs are
o BEFT is well suited for studying universality

@ The Wigner Bound rhitiips, Beane and conen (1997-1998)

o The is bounded by the cutoff
o All orders but LO are perturbation (Kaplan, van Kolck, ...).

@ The Thomas CO"apse Bedaque, Hammer, and van Kolck (1999)

o With LO 2-body interaction

o A counter term must be introduced
5.5 ML
50F s L.
@ NLO - 4—b0dy force Bazak et al. (2019) s PRasiii s a s BgaeRETT
3 40fm _E.EE"E'E .
) 9 s °
o ©ONLO the 4-body system is unstable. 350 o °s
3.0 * NLO(2+3) o &
o A force promoted to . g o ORISR

50 100 150 200
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The Nuclear Interaction - BEFT/#EFT

Kaplan, van Kolck, Bedaque, Hammer, Bazak,

2-body 3-body 4-body 5-body

: 7 7
NZLO ? ?

Nir Barnea (HUJI)

Bazak, Kirscher, Konig,
Pavén Valderrama,
Barnea, and van Kolck,

PRL 122, 143001 (2019)

Hammer, Konig and van
Kolck, Rev. Mod. Phys.

92, 025004 (2020)
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2-body & 3-body diagrams:

2-body 3-body #LECS
Strange = 0 Cor, Cho Dis| Dy 3

minimal amount of

parameters
Strange = -1 C1p, C

2
n
5
S
IS
(2

constrainted by exp.

data
Strange = -2 Cx Dis| D

L. Contessi, M. Schafer, N. Barnea, A. Gal, J. Mares, PLB 797 (2019) 134893
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Low energy few-body data s-shei1 nypernucies wn s }\

What do we have?

o ORI K

Not bound 3H, By ~ 0.1 MeV AHOL AHe™! By ~ 3 MeV
scarce scattering data AHe, By ~ 3 MeV
Not bound

. ASHe, By ~ 3 MeV
scarce scattermg data
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Low energy feW'bOdy data s-shen1 hypernuclei
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What do we have?

Nir Barnea (HUJI)

-

C%[,, 0%1 iH, Bjp ~ 0.1 MeV

y
Coo

D

AHO1AHE"! By ~ 3 MeV
2He, By =~ 3 MeV

0@

ASHe, By ~ 3 MeV
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Low energy feW'bOdy data s-shen1 hypernuclei
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What do we have?

o
s
>

=

y
Coo
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l X4

D

Dys, Dy
- 2 2
1He, By =~ 3 MeV

0@

ASHe, By ~ 3 MeV
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Low energy feW'bOdy data s-shen1 hypernuclei
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What do we have?

o ORI K

v
C?Env C%l

i)

=

Dys, Dy
- 2 2
1He, By =~ 3 MeV

®
o

Coo @

ol

1
2
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AN scattering data S }\

Cross-sections for pjq, > 100 MeV/c

)
o Spin dependence not resolved
Y XEFT(NLO)(19C)
H\I"T'I(NI,U‘(!'VI‘I] FS+USMANI
o Alexander et al. pri73, 1452 (1968) W EFTOLOI) 1)
0 2.3 acah
a’AN = —1‘8t42 fm ” .\-,lfr((.\v,mu‘u
1 +1.1 T
a = —1.6 fm = EFT(NLO)(13)
AN ~0.8 s ST e
[
o Sechi-Zorn et al. pri7s, 1735 (1968) s T o
0> aly > —9.0fm . -
—0.8 > a}\N > —3.2fm e

©

Femtoscopy (2023)
Tight constraint on ag, a;
inconsistent with existing models
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AA scattering lengths
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RS ... E =i
x =1
8 Uy )
XEFT(NLO) e STAR
. Tl
\EFT(L0)
HALQCD o
] _“cur,m)/m | ALICE Collaboration, PLB 797,
; , , , 134822 (2019)
=25 =20 -15 -1.0 -0.5 0.0
as [fm]
AA scattering length
Exp./Model ala [fm]
PC(K~,KT)AAX —1.2(6) PRC 85, 015204 (2012)
HALQCD —0.81 £+ 0.239‘8,1 NPA 998, 121737 (2020)
XEFT(LO;600) —1.52 PLB 653, 29 (2007)
XEFT(NLO;600) —0.66 NPA 954, 273 (2016)
Femtoscopy —0.7919%%

113 PRC 91, 024916 (2016)
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What do we have?

o LO and NLO #EFT fitted to low-energy experimental constraints
o The Schrodinger equation

What do we want to know?

o Bound state spectrum
o Resonances and virtual states
o Scattering cross-sections

How do we get there?

o Gaussian basis functions

o Bound states = SVM (Suzuki and Varga)

o Scattering = Busch formula

o Resonances = Complex rotation, analytic continuation

Nir Barnea (HUJI) Effective Field Theory for Light Hypernuclei 16 / 36
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o Nuclear scattering
Elastic s-wave scattering @NLO for A <5 (Mirko's talk)

o A hypernuclei (1 2)
s-shell hypernuclei - overbinding of ?\He

Hypernuclear resonances

o AA hypernuclei (,12)
Onset of binding, A=4 or 57

o Charge symmetry breaking
The Dalitz von Hippel paramaters from SU(3) symmetry.

o Few nucleons in a box
EFT matching of LQCD calcs.

Nir Barnea (HUJI) Effective Field Theory for Light Hypernuclei 17 / 36
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Universal fermionic relations (sm, petrov, peltuva,...)
Atom-Dimer scattering

Gad _ 11791 + 055372 . Ted _ o384 1,047

Qaq Qaq Gaq QAaa
Dimer-Dimer scattering

ddd _ () 5986 + 0.105.2% . T4 _ (133 405179

aaa allll aaa a'aa

These results are reproduced for spin saturated system:

o Neutron-Deuteron S = % scattering

o Deuteron-Deuteron S = 2 scattering.

Nir Barnea (HUJI) Effective Field Theory for Light Hypernuclei 18 / 36
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n _|_ (l (S — %’ T Scatterin 7Y MMINA AN

® Near-threshold 3H* 2.0
LO
virtual state 15 == NLO
1.0 c  exp
= pole of S-matrix os
® Near-threshold zero in 0'0/ —
S-matrix 03 (
-1.0
1 o 0 -1.5
kcotg(5) — ik 20755 0.0 0.2 0.4

k2 [fm~2]
lim Ecotg(d) = +oo
k—ko Oers and Seagrave, PLB 24, 11 (1967)

= modified ERE al}? =0.29 fm
rt2 =170 fm
kcot (5)—A—|—Bk2+L ;oa=— ! and r=2B
810 = A+rDk) ° T A+cC -

Nir Barnea (HUJI) Effective Field Theory for Light Hypernuclei 19 / 36



Experiment & Theory : n + °H scattering lengths

4.50
ac (1972) a© (1985)
4.95 1 oy (1972) -l!l— LO
o (1980) - NLO
4.00 1 a® (1981)
.AVIS
AVI8 + UL XEFT(N?LO) (500 & 600)
YEFT(N?LO) (500 & 600) + N2LO(600)
T —=
R-matrix (p+°>He)
|
3.00 1 . ) -
Kirscher (LO pionless)
2.751
2.50 T T T T T T T
3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00

a?l“H [fm]

M. Schéfer and B. Bazak, Phys. Rev. C 107, 064001 (2023)
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Ba(3He) vs. cut-off A in LO E 3 |ten s e TTTETHHT]E
BEFT 2 38
@ 4
4.5

5 Alexander B s=—e— ||

1 2 3 4 5 6 7 8 9 10
Cut-Off A [fm™"]

L.Contessi N.Barnea A.Gal, PRL 121 (2018) 102502

With Alexander & YEFT(NLO) scattering lengths a, a;
B (iHe) is reproduced within theoretical error

BA A « B
Cut-off dependence By =l4+—+5+...
B (00) A A
Nir Barnea (HUJI) Effective Field Theory for Light Hypernuclei 21 / 36



2He - The impact of “Deep” hypertriton

Scattering lengths

iHe Binding energy

Nir Barnea (HUJI)
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0.
®  Alexander
s BTAR(IH) fss2
2 0.4 = +  xcQm
= —_ A NSC89
ES
E02) nocrs < Nsco7d
& e — > Nscoze
Ne = *  NSCO7f
o Jilich'oa
_ O XEFT(LO)
E-4 & ® XEFT(NLO)
”5 T A o 4 XEFT(NLO) - A
22 g T B 4. . m XEFT(NLO)- B
© » * = 4 #  XEFT(NLO) - C
0
BA(RH) = 0.41(12) MeV
2 2 Foa
H “‘11
e $3 '/ Y. —
: 3
< 7]
@4 @ Alexander @4 @ Alexander
Ll -#- NSCO7f L} -#- NSCO7f
sl ¢ XEFT(LO) 5 XEFT(LO)
b -@- XEFT(NLO) -@- XEFTINLO)
2 2
— o
33 . 3 3t ki SOUENE
z ¥ 2
&g { &4
| @ XEFT(NLO)-A XEFT(NLO) - A
s o) s - XEFTINO) 8
| b XEFTINLO)-C JEFTONO) ¢
3 8 10 3 3 10

4 6
Alim1]

i 6
Alim1]
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Onset of AA hypernuclear binding s i s |
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3 I
1.3 x ¥ ' AHe
D 21 v
= |
s B
1
iR [ [ B BB - — R R
H
AN\
1 2 3 4 5 6 7
A [fm™1]

Contessi-Schafer-Barnea-Gal-Mares, PLB 797 (2019) 134893.

Double-A systems:
o The neutral systems AAn, AAnn are far from threshold
o wAH on verge of binding. Better data is needed for clarification.
o In our theory ,{H is comfortably bound
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Search for excited trios (Martin’s talk) v sy g }\'

3 y* +
AH (3/27) ?\H(l/2+)
o no experimental evidence
A 2H'(3/2%)
o JLab C12-19-002 proposal P N
n N
— p
Ann(1/2%) n
o experiment (HypHI) ® n
o JLab E12-17-003 experiment N hnA@L/2Y
o structure of neutron-rich A-hypernuclei
Calculating resonance states is a task

We have used two techniques:

o Complex scaling method (CSM)

o Inverse analysis continuation in coupling constraint (IACCC)

Nir Barnea (HUJI) Effective Field Theory for Light Hypernuclei 25 / 36



Charge symmetry breaking

H+ A ‘He + A

1+ Lo67:0.08 | 1+ 0984008 % -0.083£0.094
1.090.02 1.406+0.003
" Smemoon | of _Z_T_Qﬂ;.(;s_ - i 0.233£0.092
AH AHe
By (MeV)
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A = 4 hypernuclear level scheme e e }\'

SH + A 0 3He + A
0.984+0.05
1* ﬁ?i()_os |l ———— % -0.083+0.094
1.09+0.02 1.406+0.003
4 c— y
O Siemsoorr | or —YX__: i 0.2330.092
2.39+0.05
4
H AHe
Y
By (MeV)

o Bp(3He;0M) -
Nucl. Phys. A 754, 3c (2005)
4
o By(3H;07) -
Nucl. Phys. A 954, 149 (2016)
47,1+ + 4970,
o E,(3H;17 = 0%), E,(31He; 17 — 07) -

Phys. Rev. Lett. 115, 222501 (2015)
Nir Barnea (HUJI) Effective Field Theory for Light Hypernuclei 27 / 36
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H+ A SHe + A
0.984+0.05
1+ 1067008 | 17 % -0.083+0.094
1.09+0.02 1.406+0.003
. A 4
215740077 | 07 Ym 1] 0.2330.092
2.390.05
4
H AHe
A
BA (MeV)
o Charge symmetry: under n < p, e.g. °H < 3He

o Nuclei: for ®He - *H, AEcgp without Coulomb is about 70 keV
o For3He - 3H:  AEcsp/AE ~0.01
Hypernuclei: CSB in {He-1H: AEcsp/AFE ~0.22

©

Nir Barnea (HUJI) Effective Field Theory for Light Hypernuclei 28 / 36



Theoretical considerations TUIa M T
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Dalitz, von Hippel Phys. Lett. 10, 153 (1964)
A — %0 mixing in SU(3) s (following Coleman & Glashow)

(Z0l8M|A)

0
A§:>1 - _MEO — My

= —0.0148(6)

CSB OPE contribution by ganr = 24" gas,

O A. Gal Phys. Lett. B 744, 352, (2015) A By
Generalization of DvH S
(4]
(AN|Vosp|AN) = ——= A, (SN|Ves|AN) 7. 2
/3 =1 = Ves
ABA(0T) =240 keV  ABA(17) = 35 keV
O Gazda, Gal PRL 116, 122501 (2016) A N

generalized DvH; LO xYEFT Y N interaction; NSCM
ABA(0T) 2 180 £ 130 keV  ABA(17) & —200 + 30 keV
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Observations:
O m, K terms negligible
O CSB is short range physics

@ 2 d.p. and 2 parameters
CCSB CtCSB
s )

©

S =0,1 have

©

Spin

[erd 3 (o

Question:
Can BEFT explain these last
2 observations?

Nir Barnea (HUJI)

Fig. 1 CSB contributions involving pion exchange, according to Dalitz and von Hippel [1],
due to A — £° mixing (left two diagrams) and 7° — 5 mixing (right diagram).

» A n AA \
- 0 \

v » A no oA/

Fig. 2 CSB contributions from K* /K exchange (left) and from contact terms (right).

[ ] NLO13 | NLO19 |
CEFBMeV=2] CFSEMeV—2] | CESBMeV—?]  CF 95 MeV )
500 1.691 x 1077 —9.294 x 107 % 5590 x 107%  —9.505 x 107%
550 6.724 x 1073 —8.625 x 1074 6.863 x 1072 —1.260 x 10~%
600 9.960 x 1077 —9.870 x 107% 9217 x 107%  —1.305 x 10
650 1.500% 1072 —1.142 x 103 1.240 % 1072 —1.395 % 103

Haidenbauer et al., Few-body sys.

(2019)

Effective Field Theory for Light Hypernuclei 30 / 36
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Charge symmetry breaking - . }

Observations: B B

O m, K terms negligible

v N A N \ N
. . Pig. 1 CSB contributions involving pion exchange, according to Dalitz and von Hippel [1],
O CSB is short range physics due to A — 0 mixing (left two diagrams) and 7° - 5 mixing (right diagram).

@ 2 d.p. and 2 parameters

A n
CSB ~CSB r
Cs ) Ct K+
0 S =0,1 have \
\ P A A/ \n
Q Spln Fig. 2 CSB contributions from K* /K exchange (left) and from contact terms (right).
CSB CSB
ICs =21 > [Cy 7
A ] NLO13 | NLO19 |
CESBMeV2] CFSBMeVT2] | CESEMevT2]  CFSE[MeV )
500 1,691 x 1077 —9.204 x 1077 5590 x 107%  —9.505 x 107%
Questlon: 550 6.724 % 1073 625 x 10~ 6.863 % 1073 —1.260 x 103
. 600 9.960 x 1077 —9.870 x 107% 9217 x 107%  —1.305 x 1073
Can BEFT explaln these last 650 1.5000% 1072 —1.142 x 10-3 1.240% 1072 —1.395 % 103

2 observations?

Haidenbauer et al., Few-body sys.

(2019)
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Observations: . .

O m, K terms negligible

A N A N A N
. . Fig. 1 CSB contributions involving pion exchange, according to Dalitz and von Hippel [1],
O CSB is short range physics due to A — 59 mixing (lefs two diagrams) and ° — 5 mixing (right diagram).
@ 2 d.p. and 2 parameters X \r X
) y n ! )
CCSB CSB ! N / ;
S 9 =G K+ K" \ /
,,,,,,,,,, 4
Q@ S=0,1 have VARN
A » \ nf A/ \p
@ Spin Fig. 2 CSB contributions from K+ /K exchangelofland fram contacttorms.(right).
CSB CSB
ICs 271 > |Gy 7
[ ] NLO13 | NLO19 |
CESBIMev2] CFSBMeV Y] | CESBMevT2]  CFSB(MeV T2
500 1.691 x 1077 —9.294 x 107 % 5590 x 107%  —9.505 x 107%
Question: 550 6.724 x 1073 —8.625 x 1074 6.863 x 1072 —1.260 x 10~%
. 600 9.960 x 1077 —9.870 x 107% 9217 x 107%  —1.305 x 10
Can BEFT explain these last 650 | 1500x 1072  —1142x107% | 12401072  —1.395x 10~%

2 observations?
Haidenbauer et al., Few-body sys.

(2019)
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[}
Ch breaki : J
- 7711 TN TeI2IING
arge symmetry breaking Reva o
\ N A N \ N
)
ST dm
. Sl B n.x
Observations: in B
O m, K terms negligible . ~ N N . N
. . Fig. 1 CSB contributions involving pion exchange, according to Dalitz and von Hippel [1],
O CSB is short range physics due to A — 59 mixing (lefs two diagrams) and ° — 5 mixing (right diagram).

@ 2 d.p. and 2 parameters

» A n AA p A\
CSB ~CSB /
Cs C _KT K] \
Q@ S=0,1 have
v p A no oA/ A/
@ Spin Fig. 2 CSB contributions from K*/K® exchange (loft) and from contact terms (right).
CSB CSB
ICs =2 > 07|
a4 ] NLO13 | NLO19 |
[ !
. 500 1.240 x 1072 —1.395 x 1073
Question: 550 | b -
. 600 9.960 x 1077 —9.870 x 107% 9.217 x 16°® 1,305 x 1073
Can BEFT explain these last 650 | 1500x 1072  —1142x 1073 || 1240 %102  —1.395 x 10~% )

2 observations?
Haidenbauer et al., Few-body sys.
(2019)
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Charge symmetry breaking -

BEFT

Charge Symmetric AN
Van = ZCEN(/\)PS@\(T)
s

CSB AN interaction

— T,

1+7, 1
Cin — {cfp 7+ Cin—

Resulting LECs

N — N —

Same observations as in YEFT

Nir Barnea (HUJI)

D"7YJI'\'J]’|"\J,\IT|T“J'U'D‘JVNH ‘ ¢
THE HESREW UNIVERSITY OF JERUSALEM /

4o @ Aexmir

2 i 6 § 10
Alfm~)
FT(NLO
35 ZEFT(NLO)
=3.0
£ s
=25
s
N
-2.0
1§ ===~ OO0 m O O O s e O s OO - - -~
=35 N e .
L
-3.0 -e-
& -o- a!
==25 o F
3 —— a” (Few Body Syst. 62 (2021) 105; CSB1)
S 50 ---- a' (Few Body Syst. 62 (2021) 105; CSB1)
1.5 - - RO OO OO O O OO O
2 4 6 8 10

2[fm™"]
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The DvH mechanism in BEFT
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Dalitz, von Hippel for BEFT

(AN|CcsB|AN) =

2
V3

A (SIN|Ces|AN) 7.

Nir Barnea (HUJI)

A N
&®
20
Ces
A N
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Dalitz, von Hippel for BEFT

(AN|CoslAN) = ——= A, (EN|Ces|AN) 7=.
V3
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Assuming SU(3); symmetry we can relate CEN,EN to the NN
and AN LECs: X
20
CRN,EN = —3(C¥n — CRn)s Cecs
011\N,2N = (011\71\7 - C/l\N)'
Dover, Feshbach, Ann. Phys. (NY) 198, 321 (1990)
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Assuming SU(3); symmetry we can relate CEN,EN to the NN
and AN LECs: X
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The resulting CSB LECs are opposite in sign and

IC9B| > o 5P|

Having Agoz)l we have no free parameters.
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Dalitz, von Hippel for BEFT

(AN|CosslAN) = — = AQ) (SN|Ces|AN) 7.
V3
A N
Assuming SU(3); symmetry we can relate CEN,EN to the NN
and AN LECs: X
EO
CRN,EN = —3(C¥n — CRn)s Cecs
011\N,EN = (011\71\7 - C/l\N)'
Dover, Feshbach, Ann. Phys. (NY) 198, 321 (1990)
A N

The resulting CSB LECs are opposite in sign and

IC9B| > o 5P|

Having Agoz)l we have no free parameters.

Now we can go in the other direction and predict A([O:>1 from

the hypernuclear spectrum.
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0.035
0.04
<
g 0.00 0.025
;' —0.02 ~e- Alexander XEFT(LO) -~
~0.04 %~ NSCO7f -®- XEFT(NLO) LU:O-OZO
0.04 T0.015 —
o 0.02 s
% o] R, | o0 el
T -0.02 0.005 XEFT(LO) DVH mass formula
—0.04 -®- XEFT(NLO) - LQCD
0 2 4 6 8 10 O'DDGU 2 4 6 8 10
Alfm~1] Alfm~1]
Method/Input —Ar—1
SU(3)s [DvH64] 0.0148 + 0.0006
LQCD [LQCD20] 0.0168 £ 0.0054
#EFT(LO)/XEFT(LO) [Polinder06] 0.0139 £ 0.0013

#EFT(LO)/XEFT(NLO) [Haidenbauer13]  0.0168 % 0.0014
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No overbinding problem!
Virtual state (Martin's talk)

Physical resonance? (Martin's talk)

‘ Solidaly bound

Marginal case

Unbound
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Thank you !
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