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Nuclear chiral interactions:
Recent developments

on the occasion

of James’ 80t birthday

Picture taken by Peter Druck in Skiathos during Lightcone 2013+
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see: www.lenpic.org

,LENPIC aims to solve the structure and reactions of light nuclei including electroweak
observables with consistent treatment of the corresponding exchange currents.


http://www.lenpic.org
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e The Bochum-Bonn and Idaho NN chiral NSLO potentials: Nonlocal regulators, semi-
quantitative description of NN data

¢ The leading 3NF (at N2LO) well established and implemented in the partial-wave basis

e Derivation of the N3LO contributions to the 3NF completed in 2011 gemard, EE, krebs, Meisner
These corrections are parameter-free but involve complicated expressions and rich
operator structure = manual partial wave decomposition not feasible...




¢ Partial wave decomposition of the 3NF

(o Vaxlpao) = Y- [ ddqdpdq Vi (5", 3", 5, T) [OG'S] Vi () Y5, (@

[(I AL (s 1/2)S (LS)J M) can be reduced to a 5-dimensional integration Golak et al., EPJA 43 (2010)

Still computationally involved (need ~ 10° x 10° MEs); has been further optimized using the
fact that (unregularized) 3NFs are either local (long-range) or polynomial weseler etal., Prc 91 (15)
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e 3NF beyond N3LO
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This important physics is missing in the N3LO corrections to the 3NF

Worked out electromagnetic, weak and scalar nuclear currents completely up through NSLO

Kolling, EE, Krebs, MeiBner, PRC 80 (2009), PRC 84 (2011); Krebs, EE, MeiBner, Annals Phys. 378 (2017), Few Body Syst. 60 (2019); Eur. Phys. J. A 56 (2020)

Krebs, Gasparyan, EE PRC 85 (12), 88 (13)

= worked out N4LO corrections H j H + *T

e Nuclear current operators to N3LO
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NOI’]-|OCB.||y regularized potentials (EE-Glockle-MeiBner 05, Entem-Machleidt '03, Entem-Machleidt-Nosyk '17)
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— long-range finite-cutoff artifacts: v, (@)= ———e" » — P +>
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— elastic Nd scattering: T|¢) =tP|¢) + tPG,T|¢), (¢'|U|¢p) = <¢’|PGO—1|¢>‘ + (¢'|PT | @)

Witala et al., J. Phys. G: Nucl. Part. Phys. 41 (14) /
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New LENPIC NN interactions (EE, Krebs, MeiBner, EPJA 51 (15), PRL 115 (15), Reinert, Krebs, EE, EPJA 5(18))

—2 2 -2, 2
a _4"+Mz 2 (% _aoHu .
Vlﬂ(q) — ? e A2 + subtraction, Ver(q) — _J dﬂﬂ% e 2A2 + subtractions
q-+M; T Jom, q-+pu

+ nonlocal (Gaussian) cutoff for contacts Both issues solved!



Reinert, Krebs, EE, EPJA 54 (18) 86; PRL 126 (21) 092501

Statistically perfect description of mutually consistent NN scattering data
(own database of 2124 proton-proton + 2935 neutron-proton data below Ejap = 290 MeV)

high-precision ,realistic” potentials Idaho xEFT Bochum SMS xEFT
NijmI NijmII  Reid93 CD Bonn | |N“LOJ;, NLO{, | | N‘LOJ,, N*LO{,
1.061 1.070 1.078 1.042 2.019 1.203 1.013 1.015

Resulting neutron-proton phase shifts

Reinert, Krebs, EE, 2021
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Tensor analyzing powers in Nd elastic scattering at 70 MeV
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Bayesian approach to estimate truncation errors: BUQEYE (Furnstahl et al. ’15 - '23), EE et al. '20

Ground state energy (MeV)

Predictions for ground-state energies of light nuclei
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Regularization again...

— Nuclear potentials are derived using o >< H - -
dimensional regularization .
NLO (@2 X e H H[ | — _
— Schroédinger equation is regularized
using a cutoff moen o] f H X N
o Yottt - Wb DX T L

= consistent procedure?
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calculated using DimReg
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- 71 73(q3- 7)) ——(Tz 3= 7 13)(q 0) 3 > T
96\/27: F¢ 3 q3 + M3
absorbable into cp: X| violates chiral symmetry

If VoN were calculated with a cutoff, the problematic divergence would cancel exactly. This

issue affects all loop contributions beyond N2LO to 3NF and currents. In contrast, NN forces
are not affected (at a fixed M,).

= Re-derive nuclear forces & currents using SYMMETRY PRESERVING cutoff regularization

Hermann Krebs, EE: Work in progress using Gradient Flow Regularization



Hermann Krebs, EE, in preparation

Consider e.g. the contribution to the 4NF at N3LO involving a 4=-vertex: | S P

Unregularized expression:
EE, PLB 639 (2006) 456; EPJA 34 (2007) 197

Vin =

gfx 01-G1 02 Go 033 04 Q4 [(6f+¢7)2
2(2F,)8 (G2 + M2) (G2 + M2) (¢ + M2) (q2 + M2) L\ 7 ™

+ 3-pole terms + all permutations

Applying the gradient flow regularization method consistent with the 2NF yields:

Hermann Krebs, EE, preliminary
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+ 3-pole terms + all permutations



Off-shell ambiguities of NN forces

Off-shell effects cannot be observed in QFT. How does this work out in xEFT?



Two-nucleon force Three-nucleon force

Off-shell ambiguities first appear at NSLO:
— long-range 1/m corrections: f, fo NeLO (@) ><+* +¢33: F*:: + H [X‘_

(also in the current operators)
woor bt ded bt - L) [ OXCR
— NN contacts ~Q4 (1S, 3S1, 351-3D1)

For example: (p', 'Syl V|2, 'S0} = Ciso + Ciso(p? + 1) + Digop?p + Dige(p” = p*)’

— ~ ——
tuned to the scatt. length  tuned to the effective range tuned to the first shape parameter

=> Dlogfo cannot be fixed from NN data Hammer, Fumstani '00; Beane, Savage '01; Reinert, Krebs, EE '18
Thus, it should be possible to eliminate the off-shell contacts via a suitable UT. Indeed:

U= e nitnhs with Ty o (p> +p5> =pi = p3), Ty (0P +p57 = pi —=p) @1 Gy Ts= ..

= 0H = U'HU-H = )y, [((Hkin]+ VO +vO |+ @(Qz)), T,] +0(r})

induce N*LO 3NFs with enhanced LECs (my ~ AZ/ 0 > Aj) = contribute at N3LO

induce off-shell NN contact interactions; setting ng) = 0 requires choosing y; ~ my /Ay

ImpI ications sce aiso Girlanda, Marcucei, Kiebsky, Viviani, PRC 102 (20)
— if power counting works, taking any natural-size D should yield similar NN fits
— if setting D™ = 0, some N4LO 3NFs depending on 3 LECs must be promoted to N3LO

— alternatively, D™ in Vi can be fixed from 3N data at N3LO (they become redundant at N4LO)



Sven Heihoff et al., work in progress

Extended the SMS N4LO+ potential (DT = 0) with 26 potentials: D™ = {-3,0,3}, D" = {-1,0,1}
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Consistently with power counting, nearly phase shift equivalent: y; = 1.010...1.014
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Sven Heihoff et al., work in progress
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— emulating 3N scattering results works efficiently using interpolation in Dl."ff

— getting ready to incorporate consistently regularized 3NFs@N3LO once available
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Happy Birthday, James!



