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AIM 0T TNe DIoile

Develop a local potential model for the AN interaction, in a contact EFT approach




INTRODUCTION AND MOTIVATIONS

@ Baryons containing at least one

- Hyperons strange quark

@ Fermions
¢ Lifetimes of the order of 10710 s




INTRODUCTION AND MOTIVATIONS

S = =1

— Hyperons

S =2 =

Ir=-1

— /\ hyperon

@ Baryons containing at least one
strange quark

@ Fermions
¢ Lifetimes of the order of 10710 s

e Mass 1115.683 = 0.006 MeV
o Lifetime (2.617 £0.010) x 10710 ¢

@ |sospin, charge =0

P



INTRODUCTION AND MOTIVATIONS

AIM 01 TNe DIOIE

Develop a local potential model for the AN interaction, in a contact EFT approach

7 \
/ l N
/ / N
/ / = ~
I y ~ » Consistent with a well
depending only on relative terms depending on tested theory (QCD)
distance between the two constants that need to be
particles fixed through a fitting » EFT —> perturbative
procedure : L
expansion = organization

in leading order (LO),
subleading order (NLO), ...

!

allows theoretical error
estimation

P
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— Simple model — — RN - : :
» Consistent with a well
l tested theory (QCD)
Easy to handle numerically » EFT — perturbative
(Also suitable for computationally expensive tasks) expansion = organization

in leading order (LO),
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INTRODUCTION AND MOTIVATIONS

AIM 01 TNe DIOIE

Develop a local potential model for the AN interaction, in a contact EFT approach

/ \
N _ \
~ 7 N
~ - _ _ - - ~
— Simple model — — RN - : :
» Consistent with a well
l tested theory (QCD)
Easy to handle numerically » EFT — perturbative
(Also suitable for computationally expensive tasks) expansion = organization

in leading order (LO),
subleading order (NLO), ...

!

allows theoretical error
estimation

Many applications to different research fields

» Hypernuclei studies

» Hyperon puzzle in Neutron Stars

P




N
"\ POTENTIAL MODEL

Contact Effective Field Theory

» Effective Field Theory = low energy realization of Quantum Chromodynamics

quarks, gluons nucleons, pions

—> ~ 100 MeV

Neutron Proton

Virtual

Adapted from APS/Alan Stonebraker

k POTENTIAL MODEL  F|TTING PROCEDURE RESULTS A<
I | ] 1
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"\ POTENTIAL MODEL

Contact Effective Field Theory

» In #EFT even pions can be considered high-energy dof = interaction described only by contact terms

quarks, gluons nucleons, pions

—> L0l —> e

~ 10 MeV

Neutron Proton

Virtual

Adapted from APS/Alan Stonebraker

k POTENTIAL MODEL  F|TTING PROCEDURE RESULTS
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Expression in coordinate space

> Potential model depends on radial functions containing combinations of F(r), FV(r), FP(r)
and Low Energy Constants (LECs)

ngf = [CS CT(UA ' GN)]F(I’), ___________________________

VAN = [C) + Cy(oy - oy)] (—F<2><r> ~ 7F<1><r>) ;
F(l)(r) 1 F(l)(r) Model depends on cutoff
—C, L-S-C, (F@)(r) — —F<1>(r)> S\ v(F) — Cs L-D. parameter R, € [1.5,2.5] fm
r r r

POTENTIAL MODEL  FTTING PROCEDURE RESULTS A<




N
"\ POTENTIAL MODEL

Expression in coordinate space

> Potential model depends on radial functions containing combinations of F(r), FV(r), FP(r)
and Low Energy Constants (LECs)

ngf = [CS CT(UA ' GN)]F(I’), ___________________________

VAR = [C) + Cy(o, - o) (—F<2><r> ~ 7F<1><r>) ;
F(l)(r) 1 F(l)(r) Model depends on cutoff
—C, L-S-C, (F@)(r) — —F<1>(r)> S\ v(F) — Cs L-D. parameter R, € [1.5,2.5] fm
r /I r | A l\
/ / \
// // \\
/ / \
' (6r + o) ' v (61 — 0y)
O v —
= Az & S\y(®) =306, -Foy-F—0y -0y D= A2 N
POTENTIAL MODEL FITTING PROCEDURE RESULTS
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"\ POTENTIAL MODEL

Expression in coordinate space

> Potential model depends on radial functions containing combinations of F(r), FV(r), FP(r)
and Low Energy Constants (LECs)

ngf = [CS CT(UA ' GN)]F(I”), ____________________________

VARC = [C) + Cy(o - o] (—F<2><r> - 7F<1><r>) .
F(l)(r) 1 F(l)(r) Model depends on cutoff
—C, L-S—-C, (F@)(r) — —F<1>(r)> S v(F) — C- L-D. parameter R, € [1.5,2.5] fm
r /l r | r l\
/ / \
// // \\
/ / \
’ (o + oy) I \ (o On)
o v _
= Az & S\y(®) =306, -Foy-F—0y -0y D= A2 N
POTENTIAL MODEL FITTING PROCEDURE -~ RESULTS
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"\ POTENTIAL MODEL

Expression in coordinate space

> Potential model depends on radial functions containing combinations of F(r), FV(r), FP(r)
and Low Energy Constants (LECs)

ngf = [CS CT(UA ' GN)]F(I”), ___________________________

VAN = [C) + Ci(oy - oy)] (—F@(r) - 7F<1><r>) .
F(l)(r) 1 F(l)(r) Model depends on cutoff
—C, L-S-C, <F<2>(r) — —F<1>(r)> S p(E) — C- L-D. parameter R, € [1.5,2.5] fm
r r r
LECs fixed through fitting procedure to experimental data
(Ap elastic scattering cross section)
POTENTIAL MODEL FITTING PROCEDURE -~ RESULTS




FITTING PROCEDURE |*"-

2 function
SN o
> y? function using a constraint on scattering length - =  aq=*lm
-0 q
2
2 th _ €D
: [6/"(Cs, Cp, Cys ..., Cs) = 67 [“j (Cs Cr: Cpp e, G5) =
P=Y 2
expy 2 expy2
l. - err(o;") = err(aj ) — - -
7 N
/ \
/ \
Cross section experimental data from “Experimental” data for Ap scattering
Radboud University, NN online archive length from Mihaylov et al. (2024)

a;r,a”" = (2.1,1.56) to (3.34,1.18) fm

A

AX

POTENTIAL MODEL FITTING PROCEDURE RESULTS A<
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FITTING PROCEDURE [

LECs initial values Minimization algorithm

» TAOPOUNDERS, from PETSc + MPI to parallelise

» Adjustable parameters of the fitting procedure:

= Cutoff parameter R,

= Grid for initial values of the LECs
(max, min, step)

4 )
algorithm chooses

new LECs

- J

POTENTIAL MODEL FITTING PROCEDURE RESULTS




LECs initial values

Repeated at most maxit times,
stops earlier if convergence

criteria (gatol) is satisfied

4 )
algorithm chooses

new LECs

x? (LECs) >

G J -

J

POTENTIAL MODEL FITTING PROCEDURE

D
FITTING PROCEDURE [

Minimization algorithm

= Cutoff parameter R,

= Grid for initial values of the LECs
(max, min, step)

» TAOPOUNDERS, from PETSc + MPI to parallelise

» Adjustable parameters of the fitting procedure:

= Maximum number of calls to optimization

algorithm (maxit)

— Parameter to define the threshold for
converged optimization (gatol)

» Chosen values for algorithm parameters:

-~ Ry € [1.5,2.5] fm
- gatol =107°
-“maxit =2x10°

RESULTS

P



LECs initial values

Repeated at most maxit times,
stops earlier if convergence

criteria (gatol) is satisfied

x? (LECs)

.
algorithm chooses

new LECs

\§

~

J

POTENTIAL MODEL FITTING PROCEDURE

D
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Minimization algorithm

» Fit performed at LO and NLO separately for
different cutoff R, values

ng, = [Cs + Ci(oy - o) ]F (1),

VIRl = [C, + Cy(o, - oy)] (—F@)(r) — 3F<1>(r))

r

F 1
—C, ) L-S-C, (F@)(r) - —F<1>(r)> S\ v(E)
r r
(D)
- C5 (r) L ¢ D 5
r

» Total angular momentum, energy and parity
constraints:

= LO: E~y, < 15 MeV, J =0, 1, only positive parity

= NLO: E; < 80 Mev, J=0,1
A<

RESULTS




RESULTS

Leading order - Best and worst results

10

12 14
I I I

x2: 11.0348
Reduced x?: 1.0032

Scatt. lengths: -1.7598, -2.3611

Ecm [MeV]
4 6 8
| | . |
250 — |
| *
200 —
*
150 —
*
100 —
% LO fit results
JF  AL68
+ PIEK
50 — SE68
L I I I 1 1 1 I 1 1 1 I
120 140 160 180 200
pras [MeV]

220

240 260

POTENTIAL MODEL FITTING PROCEDURE

12 14
I I I

Scatt. lengths: -1.5808, -4.2820

X2: 26.5724
Reduced x?: 2.4157

Ecm [MeV]
4 8
| |
*
250 —
200 —
o)
=N |
S 450 —
%*
100 —
" % LOfitresults
- < AL6S8
- 4 PIEEK
50 — SE68
L 1 1 I ] 1 1 I I |
120 140 160 180 200
pPLas [MeV]
RESULTS




RESULTS

Next to leading order - Best and worst results

Ecm [MeV]
20 40 60 80
I I I I I ' I I I I ' I I ' I I
] X2: 17.6161
250 - -- Reduced x?: 1.0362
! Scatt. lengths: -1.7733, -2.2274
200 —
¥
150 —
"
100 —
—1—
50_’ ; Z::(?gﬁt results .I—kk‘—.
4+ HAT? * ﬁ I
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100
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20 40 60 80
| | | 1 | 1 1 1
)(2: 23.9861
Reduced x?: 1.4109
Scatt. lengths: -1.8410, -3.1164
_*_
T
1 _*_
NLO fit results ﬁ_.
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HA77 —+—*_1lr7 T
KA71
PIEK I T f
SE68
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Pras [MeV]
RESULTS

POTENTIAL MODEL FITTING PROCEDURE




% CONCLUSIONS

In summary:

Developed a local contact potential model for the AN interaction up to NLO

— Sophisticated fitting procedure
— Compatibility with scattering data and scattering lengths

Current work and future developments

—» Further refinements of this model

—» Applications to light hypernuclei
Develop a local yEFT potential model, with AN — 2N coupling
Three-body forces (YNN, YYN, YYY)

Hypernuclei studies and ppA correlation functions

Studies on Neutron Stars’ Equation of State

AN
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INTRODUCTION AND MOTIVATIONS

450 253
L | | | | | | | | | | | i | | | g . . o ] ] ]
400 |- — nucleons & leptons : {1 § High density conditions in NS interior [ p = (2 —3) X 1013 g/cm3]
350 L == nucleons, hyperons & leptons N —{n é \L
f 300 — — 1 = Increase in Fermi energy level of nucleons (Pauli exclusion
O Hen [ [ == A e 152 principle)
s 250 2@ \l’
% 200 — = 1 Z
o o _ — < . . .
2 150 - i £  Conversion of nucleons into hyperons energetically favourable
O - — ] <
100 - . dos & v
[ ] = .
50 — (@) - o 1 Decrease In energy
ol I N A R B 0 O \|%
0 200 400 600 800 1000 1200 0 0.5 1 1.5
Energy density € (MeV fm_3) Central baryon number densityp(fm_3) Decrease in pressure — soﬂ:ening of the EoS
I. Vidana, (2016) \|%

Underestimation of maximum mass that can be reached in NS,
which contradicts experimental evidence (M, ~ 2.1 Mg)

P




POTENTIAL MODEL DERIVATION

“Weinberg-ized” Pionless Effective Field Theory

2N Force

LO \
(Q/A)” /
wo XX

(Q/AV)°

» Keep same power counting as yEFT

Remove diagrams that involve pion
exchanges — only contact terms

» Approach used in Schiavilla et al. (2021)

P



POTENTIAL MODEL DERIVATION

Chiral Effective Field Theory

» |nteraction described by most general Lagrangian that respects symmetries of QCD

QCD
» Cutoff scale (A,) — defines range of applicability of the theory
X A, ~ 1GeV
J
| | JHT
High energy effects included in contact terms
that depend on low energy constants (LECs) O ~ 100 MeV

Ny
LECs determined through fit to

experimental data

> Lagrangian expanded in powers of Q/A <1
= Organization in leading and sub-leading terms (LO, NLO, ...)

POTENTIALMODEL  cROSS SECTION ~ FITTING PROCEDURE RESULTS
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>4 POTENTIAL MODEL DERIVATION

Hyperon-nucleon potential model — Momentum space

Literature: — Haidenbauer et al. (2023): YN interaction in YEFT up to N2LO, momentum space

— Schiavilla et al. (2021): NN interaction in contact EFT up to N3LO, coordinate space

l

» Hyperon-nucleon interaction in momentum space, up to NLO, only contact terms:

Viy = Cs+ Cr (o, - o), q=p —P,
. k = )2
VE]%IO = Cl(l2 + Czqz(UA - oy) +1G3S - (KX q) . Ep ++p )/)/2
; = (o o ,
— (OA — Oy
|
7 LECs SAN(‘I):30/\‘(101\1“1—6120/\‘%-

: POTENTIALMODEL  cROSS SECTION ~ FITTING PROCEDURE RESULTS A<




N
>4 POTENTIAL MODEL DERIVATION \X

Hyperon-nucleon potential model — Coordinate space

» To regularize the interaction —> multiply V,, » by a regulator 1t i XL 00s0L)
~ — R = L1.0TMm rxlir.0e+

function F(k), as done in Schiavilla et al. (2021) i U R P Ro = 2.0 fm [F(r)x1.0e+01]
0.5 ] Ro = 2.5 fm [F(r)x1.0e+01]

) R, k> i

F(k) = exp 0.4 -

4 :

Fourier Transform - — — — — — — _ _ l _

™ 0.3

qg _

For 1 r? s

r) = exp 0.2-

7r3/2R03 R02 )

0.1-

» Investigated cutoff parameter values R, € [1.5,2.5] fm ‘

II A

P 0.0~

Ay € [158,263]MeV - - -~ ‘ PR
\ POTENTIALMODEL  CcROSS SECTION ~ FITTING PROCEDURE RESULTS
I | 1 ] [
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N\ CROSS SECTION CALCULATION

Available experimental data to perform the fit: Ap elastic scattering cross section - - _
N

\
/
@ Particles are not created or destroyed / » Initial and final scattering states
/ . . .
¢ Unchanged amplitude of the wave _ _ _ -~ expanded in partial waves — J
function of the system J la L S 25,
¢ On.ly a change in phase of the oF 11 0 0 1.5,
outgoing wave — phase shift d, 0- 1 3,
—> Depends on 1+ 0 51
- | potential model (LECS) b X >Dy
> Scattering effects included in the{ T-matrix | - 1 0 1P
— in case of single 2 1 °Py

Z T,5= i [1 — ezi‘sa] = sin § e«
/ ’

2 2J + 1)

——

Total unpolarised cross section

2sp + D(2sy+ 1)

AX

POTENTIAL MODEL ~ CROSSSECTION 11 iNG PROCEDURE RESULTS
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» Total angular momentum, energy and parity constraints:

—-J=0,1
— Only positive parity

» All LECs chosen on a grid —>  2lK(s

» Parameters for grid of initial values:

AX

— min =—15
— max = 15 =  ~ 900 points
— step =1

POTENTIAL MODEL ~ CROSS SECTION

S AN
FITTING PROCEDURE [

LO vs NLO fitting strategy

NLO

» Total angular momentum, energy and parity constraints:

—-J=0,1
— Both parities

» LO LECs (i.e. C,, C;) fixed at LO best results > 7LECs
NLO LECs (i.e. Cy, ..., Cs) chosen on a grid
» Parameters for grid of initial values:
— min =—15
— max = 15 =  ~ 10° points
— step =3

FITTING PROCEDURE RESULTS Aj
I [ !




FITTING PROCEDURE El

2 function

[Gith(CS’ CTa Cla . CS) — giexp] 2

> First attempt: y% = Z MDoes not work: Vy, =0 at LO when S =1

expy2
i err(c;”")

» Second attempt: constraint on scattering length

2
2 th __exp |
2=y 6/"(Cs. Cr, Cy,..., C) — 07| 5 [a, (Cs, Cr, €y - -+, C) =0 ] m Solves issyue
i err(al.e’q”)2 fny e,,,,(ajexp)2 in S =1 case
l
/
/

~

“Experimental” data for Ap scattering - — —
length from Mihaylov et al. (2024)

POTENTIAL MODEL ~ CROSS SECTION FITTING PROCEDURE RESULTS A<
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Defining energy limits

» Partial wave projection of the potential, in momentum space

V(Sy) = 4n(C—3C;) + m(4C; + C, — 12C, — 3C, — 4C, — C)(p* + p'2),

3
VES) = 4n(Co+ Cp) + n5(12q +3C,+ 12C; + 3C, + 4C, + C)(p* + p'2).

l

LO LECs

» Semi classical approach to compute p; 45 threshold for LO N =prph

» ¢ = 1 to exclude P-waves and higher-order partial waves

Prag ~ 200 MeV = E, ~ 15 MeV
> b~ 1 fm, hic = 197.33 MeV fm } A M

POTENTIAL MODEL ~ CROSS SECTION FITTING PROCEDURE RESULTS A<




Y RESULTS 2

Leading order - High energy predictions

Ecm [MeV]
50 100 150 200

[Cutoff values (Ro): 1.5, 2.0, 2.5 fm}

Uncertainty band
- Fit energy: 15.0 MeV

ALG8

CL67

HA77

KAT71

PIEK

ROWL

SEGS8

++++++

|
|

|-

—

| —
s e s
L
I-l
I

=

O —
i 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
200 400 600 800 1000 1200
prag [MeV]
POTENTIAL MODEL ~ CROSS SECTION  FITTING PROCEDURE RESULTS
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Next to leading order - High energy predictions
Ecm [MeV]
50 100 150 200
- 1 1 1 1 I ] 1 : 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1
|
) | [Cutofr values (Ro): 1.5, 2.0, 2.5 fm}
] |
250 — I
: I
- |
|
- |
|
= [— :
200 — :
- |
= il i Uncertainty band
. : -—-=Fit energy: 80.0 MeV
' 1 | AL68
= 150‘_ ! J+ cLe7
= ) : + HA77
© l I F kA7
] . I J  PIEK
100 — | 4 ROWL
. — | + sEe6s
I l
- . |
|
- |
50 — ] ‘ I I
|
] |
i ‘ |
- . I 3 | 'I'i ) IL ; I
) ' I '; . 1 =i=|+=; it
- [ T 1:
0-— I
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