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Experimentally not known
Theoretically debated

J-PARC P75 proposal

Experimentally known
Theoretically hard to be 
described all together 

3Known
FEW-BODY

𝚲
𝟑𝐇

𝚲
𝟓𝐇𝐞

𝚲
𝟒𝐇(S=0)	

𝚲
𝟒𝐇(S=1)

Phaseshift
shortage

𝑵 − 𝚲

𝚲 − 𝚲

Unknown
FEW-BODY

𝒏𝒏𝚲
𝒏𝚲𝚲

𝒏𝒑𝚲𝚲
𝒏𝒏𝚲𝚲

𝚲𝚲
𝟓 𝐇

Known
Double-𝚲

𝚲𝚲
𝟏𝟎𝐁𝐞𝚲𝚲

𝟔 𝐇𝐞

𝚲𝚲
𝟏𝟏𝐁𝐞

Theoretical	

challenging

--- ---

Few	input	data	to	

tune	theories

↓
Minimal	number	of	

free	parameters



New experiments are planned

Abundant open queries
• Description of few-body hypernuclei

• Double Λ hypernuclei description

• Life time of Z
[H and Z

[n

• Charge symmetry breaking ( Z
]H - Z

]He)

• Λ∗(1405) matter

• Neutron star equation of state

• …

STAR collaboration

BES III

PANDA

J-parc

J-Lab

LHC

HALQCD

4
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Pionless powercounting

...

𝑂 Γ

LO

NLO

NcLO

NdcLO

B. Bazak, Four-Body Scale in Universal Few-Boson Systems, PRL  122.143001 (2019)
G.P. Lepage, How to renormalize the Schrodinger equa`on (1997)
van Kolck, U. Nucl.Phys. A645 (1999) 273-302
Chen, Jiunn-Wei et al. Nucl.Phys. A653 (1999)
S. K önig, H. W. Grießhammer, H. W. Hammer, and U. van Kolck J. Phys. G43, 055106 (2016) 

5

𝑂 Γc

𝑂 Γe[

* Three-body force is necessary 
to avoid Thomas collapse

** OPE not allowed

N − N N − Λ Λ − Λ

*

Γff =
Q
mh

= 0.5 ∼ 0.8 ΓfZ =
Q

2 mh
∼ 0.2

**
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𝑂 Γc

𝑂 Γe[

* Three body force is necessary 
to avoid Thomas collapse
** OPE not allowed
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Q
mh

= 0.5 ∼ 0.8 ΓfZ =
Q

2 mh
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Pionless powercounting

LO

7

S = 1, I = 0

S = 0, I = 1

S =
1
2 , I =

1
2

S = 1, I =
1
2

S = 0, I =
1
2

S =
1
2 , I = 0

S =
3
2 , I = 0

S =
1
2 , I = 1

S = 0, I = 0

S =
1
2
, I =

1
2

N − N N − Λ Λ − Λ

𝑁 Λ
π

π Σ

𝑁 Λ
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Pionless at Leading OrderLO
8

v InteracFon:

𝑉 =u
vw

𝐶y 𝛿y 𝑟v, 𝑟w +u
vw}

𝐷y 𝛿
y �⃗�v , �⃗�w , 𝑟}

Cortona 2019 - Lorenzo Contessi



Pionless at Leading OrderLO
9

v Interaction:

𝑉 =u
vw

𝐶y 𝛿y 𝑟v, 𝑟w +u
vw}

𝐷y 𝛿
y �⃗�v , �⃗�w , 𝑟}

Observables are	cut-off	dependent:

𝑂� = 𝑂� +
�
�
+ �
��
+ �
��
+ ⋯

𝝀 → ∞ *:

• Regularization/model
independent

• Observables are 𝜆
dependent

* 𝝀 ≫ 𝑴

Regularization / Renormalization required

𝑝 represent 
projections
In the 2- and 3-
body S-wave 
channels.



Pionless at Leading OrderLO
10

v Interaction:

𝑉 =u
vw

𝐶y� 𝑃y 𝑒
�
�� ���

�

] +u
vw}

𝐷y
�𝑃yu

���

𝑒
�
�� ���

�����
�

]

Observables are	cut-off	dependent:

𝑂� = 𝑂� +
�
�
+ �
��
+ �
��
+ ⋯

𝝀 → ∞ *:

• Regulariza`on/model
independent

• Observables are 𝜆
dependent

* 𝝀 ≫ 𝑴

Regularization / Renormalization required

Projections 
in channels



Two body

Three body

11Fitting input

𝑁𝑁𝑁 𝟑𝐇

𝚲
𝟑𝐇

3 × 𝑁𝑁Λ 𝚲
𝟑𝐇 𝑺 = 𝟐/𝟑 → 𝚲

𝟒𝐇 𝐒 = 𝟎, 𝐈 = 𝟏/𝟐

𝚲
𝟑𝐇𝐞 → 𝚲

𝟒𝐇 𝐒 = 𝟏, 𝐈 = 𝟏/𝟐

𝑁ΛΛ 𝚲𝚲
𝟑 𝐇 → 𝚲𝚲

𝟔 𝐇𝐞

2×𝑁𝑁 𝒂𝑵𝑵
S = 0

S = 1

2×𝑁Λ 𝒂𝑵𝚲
S = 0

S = 1

ΛΛ 𝒂𝚲𝚲
No precise 
Experimental data
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𝑁-Λ scattering length 12

A. Gal et al. - Strangeness in nuclear physics - Rev.Mod.Phys. 88 (2016) no.3, 035004



ΛΛ Scattering data

PHYSICAL REVIEW C 91, 024916 (2015)

13

𝑎ZZ ∼ −0.5 . . −1.9 fm
Cortona 2019 - Lorenzo Contessi



Results
v 𝚲

𝟓𝐇𝐞

v 𝚲𝚲
𝟓 𝐇

v 𝒏𝒑𝚲𝚲

14
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𝐵Z Z
¥He = 3.01(10)(30) 𝐵Z Z

¥He = 2.74(11)(30)

𝐵Z Z
¥He = 3.89(09)(35)

𝐵Z Z
¥He = 3.01(06)(30)

Overbinding ∼ 2 MeV

Numerical uncertainty         Theory uncertainty Experimental: 3.12(2) MeV

15

a¦ = −1.8 fm a§ = −1.6 fm a¦ = −2.60 fm a§ = −1.71 fm

a¦ = −1.91 fm a§ = −1.23 fm a¦ = −2.91 fm a§ = −1.54 fm

Z
¥He : Λ separation energy



𝐵Z Z
¥He = 3.01(10)(30) 𝐵Z Z

¥He = 3.89(09)(35)

o 𝜆 ≫ 𝑀 ∼ 2 𝑚h Is the standard choice for a renormalizable EFT.

o 2 < 𝜆 < 4 fm�® is between 𝐌 ∼ 𝟐𝒎𝝅 and the closest not-included vector meson.

o 𝜆 ∼ 1 fm�® → Many similarities with models that overbind Z
¥He.

o 𝜆 ∼ 1.5 fm�® describes 𝒓𝟎 and effectively takes into account sub-leading orders.

Relevant cut-offs 16
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𝜆 𝑟²
c² = 1.11 fm�®,

𝜆 𝑟²
²c = 1.30fm�®,

𝜆 𝑟²
Z² = 1.47fm�®,

𝜆 𝑟²
Zc = 1.48fm�®.

Dashed lines represent cut-off that fit the experimental values

Effective range 17
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18

𝚲𝚲
𝟓 𝐇

Cortona 2019 - Lorenzo Contessi



19

Λ → ∞
extrapolation

Experimental 
uncertainty

Experimental error from few-body

Experimental error from aZZ

Different parametrizations
𝜒LO, 𝜒NLO, NSC97f

𝑩𝚲 𝚲𝚲
𝟓 𝐇 = 𝟏. 𝟏𝟒 𝟏 �(𝟐𝟔)

�(𝟒𝟒) MeV

Uncertainty in 
the input data

Cortona 2019 - Lorenzo Contessi



ZZ
] H 20
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ZZ
] H is	bound/unbound	depending	

to	the	theory	input

𝚲𝚲
𝟒 H

𝚫𝑩𝚲𝚲 𝚲𝚲
𝟔 𝐇𝐞 = 𝑩𝚲𝚲 𝚲𝚲

𝟔 𝐇𝐞 − 𝟐 𝑩𝚲 𝚲
𝟓𝐇𝐞

21

Bound 

Unbound Square of reasonable input data 
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𝚲𝚲
𝟒 H

Not bound

𝑛𝑛Λ
𝑛ΛΛ
𝑛𝑛ΛΛ

22
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In a nutshell

𝒏𝒏𝚲

It is possible to describe them all together.
( No overbinding problem! )

23

𝚲
𝟓𝐇𝐞

𝚲
𝟒𝐇 𝚲

𝟒𝐇∗

𝚲
𝟑𝐇

𝚲𝚲
𝟓 𝐇𝐞

Solidly bound!
𝑩𝚲 𝚲𝚲

𝟓 𝐇𝐞 = 𝟏. 𝟏𝟒 𝟏 �(𝟐𝟔)
�(𝟒𝟒)

𝒏𝒑𝚲𝚲

Bound?
Need more precise
𝚲𝚲 scattering data! 

𝒏𝒏𝚲𝚲
𝒏𝚲𝚲

Unbound
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Conclusions
o 𝜋-EFT can be applied successfully to 𝚲 hypernuclei:

(no catastrophic failure, truncation error of ∼ 10% at LO).

o 7 new input data that can be fix on experimental data!

o Overcomes overbinding problem (comprehensive description of 𝐴 ≤ 5 Λ-hyperons)

o No boundstate in	𝒏𝒏𝚲, 𝒏𝐩𝚲 S = [
c
, 𝒏𝚲𝚲 or 𝒏𝒏𝚲𝚲

o 𝒏𝒑𝚲𝚲 might be bound for large 𝑎ZZ < −1.5 fm

o 𝚲𝚲
𝟓 𝐇𝐞 bound ( 𝑩 𝚲𝚲

𝟓 𝐇𝐞 = 𝟏. 𝟏𝟒 𝟏 �(𝟐𝟔)
�(𝟒𝟒) MeV )

o Extend this approach to A > 6 systems.

o Nuclear NLO.

o Include subleading contributions 

(explicit Ξ mixing, effective range, .. ).

24
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Error sources

Numeric error (From computational method) ∼ 0.01 MeV

Extrapolation uncertainty (𝑂� = 𝑂� + �
�
+ �

��
+ �

��
+ ⋯) From 𝜆 = 4fm�® ∼ 0.1 MeV

Fitting uncertainty (Random error of the fit procedure)         ∼ 0.01 MeV

Experimental uncertainty (Error propagated from experiments)       ~ 6 %

Truncation error (∼ ¿
À

c
) ∼ 9 − 50 %

(Depends on the scales)

25
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Error sources

Numeric error (From computational method) ∼ 0.01 MeV

Extrapolation uncertainty (𝑂� = 𝑂� + �
�
+ �

��
+ �

��
+ ⋯) From 𝜆 = 4fm�® ∼ 0.1 MeV

Fitting uncertainty (Random error of the fit procedure)         ∼ 0.01 MeV

Experimental uncertainty (Error propagated from experiments)       ~ 6 %

Truncation error (∼ ¿
À

c
) ∼ 9% (Depends on the scales)

26
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𝑩𝚲( 𝚲𝟑𝑯) 𝑩𝚲( 𝚲𝟒𝑯𝒈.𝒔.) 𝑩𝚲( 𝚲𝟒𝑯𝒆𝒙𝒄.) 𝑩𝚲( 𝚲𝟓𝑯𝒆)

Exp. 0.13(5) [4] 2.16(8) [5] 1.09(2) [6] 3.12(2) [4]

DHT [7] 0.10 2.24 0.36 ≥ 5.16

AFDMCa - 1.97(11) [8] - 5.1(1)      [9]

AFDMCb’ 0.23(9) [13] 1.95(9) [13] - 2.60(6)   [13]

𝜒EFTa 0.11      [10] 2.31 (3) [11] 0.95(15)  [11] 5.82(2)   [12]

𝜒EFTb - 2.13 (3) [11] 1.39(15) [11] 4.43(2)   [12]

[7] R.H. Dalitz, R.C. Herndon, and Y.C. Tang, Nucl. Phys. B 47, 109 (1972). 
[8] D. Lonardoni, F. Pederiva, and S. Gandolfi, Phys. Rev. C 89, 014314 (2014). 
[9] D. Lonardoni, S. Gandolfi, and F. Pederiva, Phys. Rev. C 87, 041303(R) (2013). 
[10] R. Wirth et al., Phys. Rev. Lett. 113, 192502 (2014). 
[11] D. Gazda and A. Gal, Phys. Rev. Lett. 116, 122501 (2016); D. Gazda and A. Gal, Nucl. Phys. A 954, 161 (2016). 
[12] R. Wirth and R. Roth, Phys. Lett. B 779, 336 (2018). We thank Roland Wirth for providing us with these values.
[13] D. Lonardoni arXiv:1711.07521v2 &  Private comunication.
[15] H. Nemura, Y. Akaishi, and Y. Suzuki, Phys. Rev. Lett. 89, 142504 (2002); see also Y. Akaishi, T. Harada.

All the energies are in MeV.

𝚲
𝟓𝐇𝐞: Overbinding problem 27
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G. Alexander, U. Karshon, A. Shapira, et al. Phys. Rev. 173, 
1452 (1968)

0 > 𝑎É > −9 fm
−0.8 > 𝑎Ê > −3.2 fm

Sechi-Zorn, B., B. Kehoe, J. Twitty, and R. A. Burnstein, 1968, 
Phys. Rev. 175, 1735.

𝑎É = −1.8 fm
𝑎Ê = −1.6 fm

Alexander et al. : Sechi-Zorn et al. :

𝑁-Λ scattering data

A. Gal et al. - Strangeness in nuclear physics - Rev.Mod.Phys. 88 (2016) no.3, 035004

28
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Predictions
B ]He B Z

¥He B ZZ
¥ He

LEC State Fitting

𝐷®® S =
1
2 , I =

1
2

𝟑𝐇

𝐷²® S =
1
2 , I = 0 𝚲

𝟑𝐇

𝐷²[ S =
1
2 , I = 1 𝚲

𝟒𝐇
𝐒Ë𝟎 ,𝐈Ë𝟏𝟐

𝐷c® S =
3
2 , I = 0 𝚲

𝟒𝐇
𝐒Ë𝟏 ,𝐈Ë𝟏𝟐

𝐷®®ZZÌ S =
1
2 , I =

1
2 𝚲𝚲

𝟔 𝐇𝐞

LEC State Fitting

𝐶²c S = 1 , I = 0 𝟐𝐇

𝐶c² S = 0 , I = 1 𝐍−𝐍

𝐶²® S = 1 , I =
1
2

𝚲 − 𝐍

𝐶c® S = 0 , I =
1
2

𝚲 − 𝐍

𝐶²² S = 0 , I = 0 𝚲 −𝚲

Two body

Three body

Scattering

Boundstate

Boundstates

29
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π

𝑁 𝑁

𝑁 𝑁

30

π
π

𝑁 𝑁𝑁

Δ

𝑁 𝑁𝑁

𝑁 𝑁

S = 0

S = 1

𝑴 ∼𝒎𝝅

𝛿𝐿𝑂 =
𝑄
𝑀 ∼ 50%

B ∼ 𝟕𝑴𝒆𝑽

𝜋-EFT (𝑁) 𝑴 = Theory break-scale
𝑸 = Typical exchanged momentum
B  = Typical binding per particle

2-Body 3-Body
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𝜋-EFT (Λ) 31

π
π

𝑁 𝑁Λ

Σ

𝑁 𝑁Λ𝑁 Λ
π

π Σ

𝑁 Λ

𝑁 Λ

Λ Λ
𝜋

𝜋 Σ

Λ Λ

𝑁 𝑁Λ 𝑁 𝑁Λ

𝛿𝐿𝑂 =
𝑄
𝑀

c
∼ 9%

S = 0

S = 1

S = ®
c

I  = 0
S = ®

c
I  = 1

S = [
c

I  = 0

𝑴 ∼ 𝟐𝒎𝝅

B ∼ 𝟑𝑴𝒆𝑽

𝑘
𝑘

Λ 𝑁Λ

Ξ

Λ Λ𝑁

Σ

𝑴 = Theory break-scale
𝑸 = Typical exchanged momentum
B  = Typical binding per particle

2-Body 3-Body

π
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𝑉cÕ� =u
vw

𝑒�
��� �
c

�

[ 𝐶®²� 𝑃 ×Ë®,ØË²
ÌÌ + 𝐶²®� 𝑃 ×Ë²,ØË®

ÌÌ ]

Three body force

The energy of the 𝐴 ≥ 3 depends on 𝜆
When 𝜆 → ∞→ E[Ú → −∞
NO PREDICTIVE POWER!

Three-body force stabilize 
𝐴 ≥ 3 systems

The three body force require 
Regularization/Renormalization as well.

-1200

-1000

-800

-600

-400

-200

 0

 1  2  3  4  5  6  7  8  9

En
er

gy
 [M

eV
]

Λ [fm-1]

4 He   mπ= 805 MeV 

4He Energy with 3-body operators.4He Energy without 3-body operators.

𝜆

32

Cortona 2019 - Lorenzo Contessi



(St
ill)

 prelim
inary 33
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Z
[H S = [

c
is 

bound

Experimentally 
compatible 𝑎ZZ

𝑎ZZ compatible 
with BZ Û

¥He

(St
ill)

 prelim
inary 34

𝐧𝐧𝚲 is not found bound anywhere
𝜦
𝟑𝐇 is bound for “unusual” 𝑎É and 𝑎ÊCortona 2019 - Lorenzo Contessi


