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The YEFT NN interaction models

R. Machleidt and F. Sammarruca

Progress in Particle and Nuclear Physics 137 (2024) 104117

Table 3.1

Chiral NN potentials published during the past 20 years.
Year  Authors Name Order(s) As* Locality Cutoff(s) Max. T,,,"  z°/datum Ref(s).
Set 1 (Early Birds):
2003 Entem, Machleidt Idaho NLO No Nonlocal 500 MeV/ 300 MeV 1.3 [39]1
2005 Epelbaum et al. Bochum N'LO No Nonlocal 450, 600 MeV 300 MeV 145, 2.3 [83]1
Set 2 (Géteborg/Oak Ridge):
2013 Ekstrom et al. NNLO,,, NNLO No Nonlocal 500 MeV 290 MeV 9.5 [861
2015 Ekstrom et al. NNLO., NNLO No Nonlocal 450 MeV 35 MeV 39.0%, 42.7¢ [931
2018 Ekstrom et al. ANNLO NNLO Yes Nonlocal 450 MeV 200 MeV 25.1 [941
2020  Jiang, Ekstrém et al. ANNLOg, NNLO Yes Nonlocal 394, 450 MeV 200 MeV 32.6', 29.6' [991
Set 3 (Configuration space):
2014 Gezerlis et al. LO-NNLO No Local 1.0-1.2 fm 250 MeV 12.2¢ (871
2015 Piarulli et al. NNLO/NLO" Yes Min. nonloc.' 0.8-1.2 fm 300 MeV 1.35(2) [88]
2016  Piarulli et al. Norfolk, NV2  LO-N(3)LO" Yes  Local 0.8-1.2 fm 200 MeV 1.40 [89]
2023 Saha et al. Idaho LO-N'LO No Local 1.0-1.2 fm 200 MeV 1.45% [100]
2023  Somasundaram et al. LO-NLO, 4 LO-N'LO No Max. local' 0.6-0.9 fm 400 MeV [101]
Set 4 (Latest high accuracy and high precision at N*LO):
2015 Epelbaum et al. LENPIC LO-N‘LO No Semilocal™ 0.8-1.2 fm 300 MeV [84,85]1
2017 Entem et al. Idaho LO-N'LO No Nonlocal 450-550 MeV 300 MeV 1.15" [95]
2018  Reinert et al. LENPIC LO-NLO* No Semilocal™ 350-550 MeV 300 MeV 1.03” [921
2021 Nosyk et al. Idaho LO-NNLO Yes Nonlocal 394, 450 MeV 200 MeV 3.71¢ 631

@ Plethora of models — 15

@ Mainly non-local (— more difficult when charged scattering systems)

R. Machleidt and F. Sammarruca, Prog. Part. Nucl. Phys. 137, 104117 (2024)
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The adopted YEFT nuclear interactions

Two-nucleon interactions:
@ Entem and Machleidt 2003: N3LO, A = 500,600 MeV

[N3LO500/600]
@ Entem, Machleidt, and Nosyk 2017: LO-N4LO, A = 450,500,600 MeV
[EMN450,/500/550]
@ Piarulli et al.: N3LO, (Rs, Ry) =(0.7/0.8,1.0/1.2) fm
[NV 1/11 a/b]
Name DOF 0, (Rs, Ry)or A E range Space
NVIa 7,N;A N3LO (08,1.2)fm 0-125MeV r
NVIb 7, N;A N3LO (0.7,1.0)fm  0-125 MeV r
NVIla 7,N,A N3LO (0.8,1.2)fm 0-200 MeV 7
NVIIb 7,N,A N3LO (0.7,1.0)fm  0-200 MeV 7
EMN450 #x,N N3LO 450 MeV 0-300 MeV P
EMNS00 =7,N N3LO 500 MeV 0-300 MeV P
EMNS550 #x,N N3LO 550 MeV 0-300 MeV P

A. Gnech, L.E. Marcucci, and M. Viviani, Phys. Rev. C 109, 035502 (2024)

Three-nucleon interactions:
@ N2LO-local, A consistent with N3LO and EMN potentials
@ N2LO with A's, (Rs, R1) consistent with NV potentials

cp — ce from B(A = 3) and GT*P of 3H 3-decay
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The electro-weak nuclear current operator

Two groups (Bochum & Jlab-Pisa) with different expressions and power counting

Bochum group

Oper. LO(Q™%) NLO(Q?) N2LO(Q') N3LO(Q")
p(A) — — 1b(NR) —
OPE
j@) 1b(NR) — OPE-A* CT(dy)
[1b(RC)] OPE
o(V)  Ib(NR) — [IbRC)]  [OPERC)]
i) — — 1b(NR) OPE-A*
OPE [1bRC)]
Jlab-Pisa
Oper. LO (07) NLO (02 N2LO (@) N3LO Q") N4LO (Q")
P(A) — Ib(NR) OPE — TPE*
cT'
j@A) Ib(NR) — Ib(RC) CT(dg) TPE
OPE-A* OPE OPE(sub)
p(V) 1b(NR) — 1b(RC) OPE(RC) TPE
i) — 1b(NR) OPE 1b(RC) TPE
OPE-A* OPE(Y, dY, dS)
CT(}, df)

A. Gnech, L.E. Marcucci, and M. Viviani, Phys. Rev. C 109, 035502 (2024)

— Jlab-Pisa model

@ Axial opertors: A. Baroni et al., Phys. Rev. C 93, 015501 (2016); Phys. Rev. C 98, 044003 (2018)

o EM /vector operators: S. Pastore et al., Phys. Rev. C 80, 034004 (2009); M. Piarulli et al., Phys. Rev. C 87, 014006
(2013); A. Gnech and R. Schiavilla, Phys. Rev. C 106, 044001 (2022)
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The Hyperspherical Harmonics (HH) method

Bound states Scattering states

_ wLSJ LSJ
W — Z C#w,u Visy=WVere + wasym
£ LS) __
° wcore - ZM CHWH
LSJ R I
° wasym X QLS + ZL’S’ RLL'~,55'QL’S’

@ Kohn var. principle:
[Rirr,ss'] = Ruwr,ss — (Wirsiy|H— E|Wisy)
= Solve for ¢, and Ry sss —

@ VW, — known functions
(spin-isospin HH functions)

@ Rayleigh-Ritz var. principle:
S (W |H — E|wH:) =0
= Solve for £ and ¢,

y phase-shifts and mixing angles )
Strength weakness
@ very accurate @ at present limited to A =16
@ both r- and p-space @ in prospective A =8
@ both bound and scattering states @ not much more ...

L.E. Marcucci et al., Front. Phys. 8, 69 (2020)
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SELECTED RESULTS

@ A =2: muon capture on deuteron
A. Gnech, L.E. Marcucci, and M. Viviani, Phys. Rev. C 109, 035502 (2024)
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Bayesian analysis for u= +d — n+n+ v,

r1/283/2 calculation with a robust theoretical uncertainty evaluation —

@ LECs in the nuclear electroweak currents

1
ga(q®) = gA(lfgrﬁcf)

My 1 1
dr = - M 2¢4) + =
R 4AXgACD+3 v (3 + C4)—|—6

ar\’ ar \?
otmos = (6r2> 02(’3\)+(@> o?(dr)

A

@ Chiral expansion truncation for current and interaction
— Bayesian analysis as in J A. Melendez et al., Phys. Rev. C 100, 044001 (2019)

— ‘7553)(4) = standard deviation of the truncation error for C/I at the k = 3/4-th order

@ Dependence on the nuclear interaction model — various interaction models
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Model r/2 of ,[BPC] of,[JPPC] o}, oLgcs /2

NVia 393.5 5.1 1.1 n.a. 3.9 133
NVIb 393.7 5.1 11 n.a. 3.9 135
NVila 392.5 5.1 1.1 n.a. 3.9 133
NVIlb 392.6 5.1 11 n.a. 3.9 133
EMN450 396.0 6.4 2.2 0.3 3.9 13.7
EMN500 397.3 6.0 2.2 0.3 3.9 13.8
EMN550  397.0 6.2 2.1 0.4 3.9 13.8

All the uncertainties are reported at 68% CL

Absolute and relative contributions to the estimated total theoretical error
W.I. Jay and E.T. Neil, Phys. Rev. D 103, 114502 (2021)

Uncertainty source BPC JPPC
ra 5.6(30.8%) 5.4(75.2%)
Other current LECs negligible

XEFT truncation - currents 8.1(65.2%)  2.4(14.6%)
XEFT truncation - interactions ~ 0.5(0.3%) 0.5(0.7%)
Model dependence 1.9(3.7%) 1.9(9.5%)
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EMN550@N3LO, JPPC current @ NLO-N3LO EMN550@NLO-N3LO, JPPC current order fixed
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SELECTED RESULTS

o A = 3: the pd radiative capture
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V. Mossa et al. (LUNA Collab.), Nature 587, 210 (2020)

AV18/UIX phenomenological approach — ~ 10% discrepancy
Theoretical error? = yEFT
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Preliminary results (work in progress)

Local potentials NV2+3 /Il and associated currents

Ecm [keV] AVIS/UIX xEFT-NV Full yEFT-NV Siegert Exp. [LUNA]

262.9 237 2.35(2) 2.33(3) 2.156(58)
252.9 2.28 2.26(2) 2.24(3) 2.073(53)
232.9 2.09 2.09(2) 2.04(3) 1.866(52)

Further work:
@ check numerics and convergences
NV2+3 I/a*, Ecmy = 252.9 keV, MC=800k config., QRN= 50k
Niag LO(MC) Full(MC) Sieg.(MC) Sieg.(QRN)

26 1.96 2.26 2.19 2.18
28 1.95 2.25 2.21 2.21
30 1.96 2.26 2.23 2.23
32 1.96 2.26 2.24 2.24
K12 LOMC)  Ful(MC)  Sieg.(MC)  Sieg.(QRN)
60 1.95 2.25 2.09 2.11
80 1.95 2.25 2.21 2.22
90 1.96 2.26 2.23 2.24
100 1.96 2.26 2.24 2.24

@ study other energies (I am afraid the discrepancy will remain)
@ apply other potentials — EMN LO-N4LO A = 450,500, 550 MeV
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SELECTED RESULTS

e A = 4: the *He monopole form factor
M. Viviani et al., Few-Body Syst. 65, 74 (2024)
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SH & *He(e, €'n)*He

At energies below the d + d threshold

Fu(a)? = % /[724x (25)

Mott

] = ﬁzy:m Jo dEy 8py 1| C5%(a, Ey)?

E, = p/n energy

t~ = p+ 3H/n+ 3He reduced mass
py=p+ 3H/n + 3He relative momentum
g = momentum transferred

C3%(q, Ey) defined as (0F — 07)

CSOO(CL E’y) = \/T<w1+L S— O\p(q)\\U(4He)>
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o

This experiment
Model confid. band
Frosch et a.

% Koebschall et a.
4 % Walcher

— Bespline fit
— CEFT

Triggered by S. Kegel et al., Phys. Rev. Lett. 130, 152502 (2023)

However

U.-G. MeiBner et al., Phys. Rev. Lett. 132, 062501 (2024)
N. Michel et al., Phys. Rev. Lett. 131, 242502 (2023)

; 4'.”‘..”‘.,H...H.‘SL.MH.‘..‘
NNLO - L A

= « ABp400keV | ol o sscouoms
< i & 3F 4 Froschetal. ]
< 4 <t [ + Kobschall et al.
= 2 i N[O = | b Walcher
= [
o gl ) 1 S2r 4 ]
) Daejeon16 . F N,
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=3 = [ Sl
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o Kegel 2021)
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- 1 P —
S ]
Hiyama et al (AV8'+a simple 3NF) /= -
0 | 1 1 I | - °
0 1 2 3 4 5 6 [ 1 2 3 4 5 6

q’ [fm”?) q [fn”]
Good agreement with N. Michel et al., Phys. Rev. Lett. 131, 242502 (2023)
U.-G. MeiBner et al., Phys. Rev. Lett. 132, 062501 (2024)
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SELECTED RESULTS

e A = 4: the 3He(, p) 3H parity-conserving asymmetry
M. Viviani et al., arXiv: 2405.10258 (2024)
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APC in 3He(ﬁ, p)3H

do < do

aQ -~ o'lQ> (1 + ApvSn - kp + Apc(3n X kn) - "P)

Apc — kp in the plane defined by &, x l?,, and l?n
— sensitive to the interaction in P-waves
Apy — kp in the plane defined by 3, and &,

Apc = (—42.4 + 6.0(stat) + 0.23(sys)) x 1078 = )\ﬂ =
n

B = (—1.97 £ 0.28(stat) 4 0.02(sys)) x 107°A

HH method + N3LO500/600 or NVla/b with/without TNI
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Interaction Er(0™) T(07) otfi?u B x 10°

[MeV]  [MeV]  [fm] [A]

N3LO500 0.16 0.41 20.7 —4.83
N3LO600 0.24 0.51 16.9 —2.68
NVla 0.31 0.53 17.3 —2.61
NVIb 0.30 0.54 13.0 —0.43
N3LO500/N2LO500 0.06 0.26 30.1 —10.04
N3LO500/N2LO500* 0.14 0.41 18.5 —2.68
N3LO600/N2LO600 0.09 0.30 25.9 —5.28
NVla/3N 0.04 0.36 35.4 —-12.17
NVIb/3N 0.12 0.40 23.9 —5.15
Experimental 0.44 0.84 —-1.97
+0.28 (stat)

+0.12 (sys)

0421 _ s 0721 I
tii11 = limg,—o [° Ti7 111/ 92, ( TLs,L/S')
@ tiny differences in Eg(0~) = large changes in Otfi?n
@ large differences since leading contributions cancel out

@ Apc > 0 without O T3,

= critical dependence on 0T121"111 = on NN interaction in P-waves and TNI
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Conclusions and outlook

Conclusions

@ Recent results for selected A = 2, 3,4 observables in YEFT
@ Moving forward with the most recent YEFT potentials/currents

@ Some interesting “puzzles” remain (p + d — 3He + ~, 3He(7, p)3H)

@ Try to solve the “puzzles” (obvious!)

@ Extend our studies to the largest variety of YEFT potentials/currents
as possible

@ Extend our studies to A = 5,6 nuclear systems

A. Gnech et al., Phys. Rev. C 102, 014001 (2020) & Phys. Rev. C 104, 035501 (2021)

A\
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Thank you for your attention!

In collaboration with

@ A. Kievsky and M. Viviani (INFN-Pisa)
e L. Girlanda (Univ. del Salento)
@ A. Gnech, R. Schiavilla (JLab-ODU)
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