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New developments

I »1he purpose of this work is not to improve our detailed picture of nuclear forces, [...]
but rather to take a first step toward identifying those aspects of nuclear forces and
pion-nucleon interactions that can be derived from the symmetry properties of

quantum chromodynamics.”
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Chiral EFT = zero-range theory (pionless EFT)
+ chiral symmetry (predictive power, connection to QCD)
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— The chiral two-pion exchange and NN scattering [p. Reinert, H. Krebs, EE, EPJA 54 (18); PRL 126 (21); Sven Heihoff et al., in progress]
— Derivation of the three-pion exchange NN potential [v. springer, H. Krebs, EE, PRC 112 (25) 034004]
— Probing the long-range 3NF in peripheral n-alpha scattering [v. Yang, EE, J. Meng, L. Meng, P. Zhao, PRL 135 (25) 172502]

— Symmetry-preserving regularization [H. krebs, EE, PRC 110 (24) 044003; PRC 110 (24) 044004]



Chiral symmetry + nN data = predictions for the large-distance behavior of the nuclear forces.
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Chiral symmetry + N data = predictions for the large-distance behavior of the nuclear forces.
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_ Mandelstam plane for zN scattering
«— strongly constrained by y symmetry:
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etc. interactions play a role...
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Chiral symmetry + N data = predictions for the large-distance behavior of the nuclear forces.
Ly = — —Ny y#TN - o,x
---- 2my = the same OPEP (on-shell)
S /MZ i.e., not constrained by ¥ symmetry...
_ Mandelstam plane for zN scattering
«— strongly constrained by y symmetry:
o Z s V8. £, matters, also zz, AN,
etc. interactions play a role...

Dispersive representation:

=
2 (* p(p) )
Vor(@) = —J pdp ——— + ...
T Jom, q-+ u
p(u) can be extracted from (analytically continued) ¥ X
T (s, 1) obtained in ChPT (need data to fix LECs) B\ 2 VRoy'Siciner eadiion
vIM]

= parameter-free predictions for V, (r)at r 2 M_ .
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Can we test these predictions in NN scattering?
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Can we test these predictions in NN scattering?

;(gatum for the description of neutron-proton and proton-proton scattering data
Elab bin CD Bonn Nijm | Nijm I Reid 93 Bochum N4LO+

0-300 MeV 1.042 1.061 1.070 1.078 1.013
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Can we test these predictions in NN scattering?

;(gatum for the description of neutron-proton and proton-proton scattering data

Elab bin CD Bonn Nijm | Nijm I Reid 93 Bochum N4LO+

0-300 MeV 1.042 1.061 1.070 1.078 1.013

Switching off the 27-exchange leads to ;(gatum ~ 1.99 (i.e., 500 away!), consistent fits only for E;,;, < 135 MeV...
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What about the 3m-exchange?



On-shell amplitudes analytically continued

What about the 3m-exchange? Tour-de-force calculation by N. Kaiser to complex momenta

¥ \

using the Cutkosky cutting rules . kaiser, PRC61 (2000), PRC62 (2000), PRC63 (2001)
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¢ A bit sparse on detail: ,After a somewhat lengthy calculation we find, from class II,..."

® As one may expect, 3m-exchange is well representable by contacts ek, krebs, Meiner, PRL115 (2015)
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¢ A bit sparse on detail: ,After a somewhat lengthy calculation we find, from class Il,..."
® As one may expect, 3m-exchange is well representable by contacts ek, krebs, Meiner, PRL115 (2015)

e Main concern: Potentials from reducible-like diagrams are scheme-dependent. Are the results of
Norbert consistent with our potentials obtained using the Method of Unitary Transformation?



Victor Springer, Hermann Krebs, EE, PRC 112 (2025) 034004

The 3m-exchange potential has been re-derived using the Method of UT [PhD thesis of Victor Springer]

¢ First, calculated the corresponding energy denominators, e.g.:
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V02 + M2

e Found the corresponding 4-dim expressions by matching and used the same method as

Norbert (Cutkosky rules) to calculate the spectral functions.
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— Norbert finds the only non-vanishing contributions:
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phenomenological implications still to be explored...
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peripheral neutron-o scattering

Yilong Yang, EE, Jie Meng, Lu Meng, Pengwei Zhao, PRL 135 (25) 172502
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Suggested long ago by Manoel Robilotta,
but so far only S-, P-waves considered Carlson, Nollett, Lynn, Lazauskas, Kravvaris, Shirokov, Zhang, Mercenne, Bagnarol, ...
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Yilong Yang, EE, Jie Meng, Lu Meng, Pengwei Zhao, PRL 135 (25) 172502

® Calculate the 5Hel GS energy €; in a harmonic trap (for [ = 2) and
use the Busch formula:

T[(3+20)/4 - ¢/Qw)]
I[(1-2D/4 - ¢/Qw)| 8.
O

k2l+1 cot 51(61) — (—1)l+1(4ﬂ0))l+1/2

Busch et al., Found. Physical. 28 (2008) 549;
Suzuki et al., PRA 80 (2009) 033601

Benchmarks for P-waves
e I S e b | ® Use VMC with a neural network [v. L. Yang, P. W. Zhao, 2404.04203]
to prepare an accurate 5He trial state to be used in Diffusion

MC calculation.

v O Lynn2016PRL
150 ¥* R matrix (1977)

Psp 1

120 AR E K %

90

4 (deg)

® Use local NN interaction up to N2LLO [Gezerlis et al. PRC90 (2014)]
and locally regularized 3NF [Lynn et al. PRC96 (2017)] with the

softest r-space cutoff R = 1.2 fm (sign problem...)
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Peripheral na-scattering provides a sensitive probe of the long-range 3NF
(governed by the chiral symmetry)
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LENPIC Collaboration, PRC 103 (2021), PRC 106 (2022), see also Endo, EE, Naidon, Nishida, Sekiguchi, Takahashi, EPJA 61 (2025) 9
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DANGER: momentum cutoff for pions breaks chiral symmetry!
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Krebs, EE, PRC 110 (2024) 044004; PRC 110 (2024) 04405

Gradient flows: methods for smoothing manifolds
(e.g., Ricci flow used in the proof of the Poincaré conjecture)

Gradient flow as a regulator in field theory

_ 65[¢]
0P(2) | () p(e.r)

- 0
$ (5,0 7) Flow equation: z-¢(z,7) =

| flowtime®z subject to the boundary condition ¢(z,0) = ¢(z)

20



Gradient flows: methods for smoothing manifolds

(e.g., Ricci flow used in the proof of the Poincaré conjecture)

Gradient flow as a regulator in field theory
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Free scalar field:

[0, — (8207 — M)l

‘
=0

0

Flow equation: pe

subject to the boundary condition ¢(z,0) = ¢(x)

G(z,

N=0 = 6z = [dYGa-yrsw

7=1

0

¢(z,7) =

0(7)

T)= ———¢€

167272
/—/%

e ——
heat kernel

22 4 aM272

_3S[g)
56(x)

¢(z) = (x,7)

=

&g, 7) = e TN (g)

1.5

1.0



Krebs, EE, PRC 110 (2024) 044004; PRC 110 (2024) 04405

Introduce generalized pion fields ¢(7), ¢(0) = =, that fulfills the covariant gradient flow equation.
Regularization is achieved by requiring N to ,live“ at a fixed 71 &y — EZd,N(r)

Local field theory in 5d Smeared (non-local) theory in 4d
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Has been re-derived using Gradient Flow regularization
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Partial-wave decomposition in progress
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N2LO (Q3) N3LO (Q%)
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Has been re-derived using Gradient Flow regularization

First (preliminary) results for 3H
using SMS 2NF@N4LO+, A = 450 MeV:

<€«—— B3 = — 315 keV (repulsive)

<€—— 0B;; =308 keV (attractive)

Partial-wave decomposition in progress
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Summary and outlook

e Chiral symmetry and its breaking pattern play the key role for
understanding low-energy nuclear physics

e Chiral EFT has already become a precision tool in the NN sector

e Symmetry-preserving Gradient Flow regularization puts chiral EFT
on a firm basis and opens the avenue for precision calculations
beyond the 2-body system

Thank you for your attention



