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Nucleon-Nucleon Scattering Up to
N°LO in Chiral Effective Field Theory
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FIGURE 1 | Hierarchy of nuclear forces up to N°LO or sixth order of the chiral expansion. Only some representative diagrams are included. Small dots, large solid
dots, solid squares, triangles, diamonds, and stars denote vertexes of index A; = 0,1, 2, 3,4, and 6, respectively. Reprinted figure with permission from Entem et al.
[37], copyright (2017) by the American Physical Society.







n-p phase shifts (from LO to N4LO)
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FIGURE 15 | Chiral expansion of neutron-proton scattering as represented by the phase shifts in S, P, and D waves and mixing parameters e; and ez. Five orders
ranging from LO to N*LO are shown as denoted. A cutoff A = 500 MeV is applied in all cases. The filed and open circles represent the results from the Nijmegen
multi-energy np phase-shift analysis [93] and the GWU single-energy np analysis SPO7 [95], respectively. Reprinted figure with permission from Entemn et al. [37],

copyright (2017) by the American Physical Society.

Rodriguez Entem et al.

NN Scattering Up to N°LO

TABLE 4 | x2/datum for the fit of the 2016 NN data base by NN potentials at various orders of chiral EFT (A = 500 MeV in all cases).

Tiab bin (MeV) No. of data LO NLO NNLO N3LO N*LO
Proton-proton

0-100 795 520 18.9 2.28 1.18 1.09

0-190 1206 430 43.6 4.64 1.69 112

0-290 2132 360 70.8 7.60 2.09 1.21
Neutron-proton

0-100 1180 114 7.2 1.38 0.93 0.94

0-190 1697 96 231 2.29 1.10 1.06

0-290 2721 94 36.7 5.28 1.27 1.10

pp plus np

0-100 1975 283 1.9 1.74 1.03 1.00

0-190 2903 235 31.6 3.27 1.35 1.08

0-290 4853 206 51.5 6.30 1.63 1.156

From Entem et al. [37].
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Deuteron and Triton Properties

Rodriguez Entem et al. NN Scattering Up to N°LO

TABLE 5 | Two- and three-nucleon bound-state properties as predicted by NN potentials at various orders of chiral EFT (A = 500 MeV in all cases).

LO NNLO N3LO N4LO Empirical®
Deuteron
By (MeV) 2.224575 2.224575 2224575 2.224575 2.224575 2.224575(9)
Ag (fm=1/2) 0.8526 0.8844 0.8853 0.8852 0.8846(9)
n 0.0302 0.0257 0.0257 0.0258 0.0256(4)
rse (fm) 1.911 1.968 1.970 1.973 1.97507(78)
Q (fm?) 0.310 0.273 0.271 0.273 0.2859(3)
Pp (%) 7.29 4.15 410 -
Triton
B: (MeV) 11.09 8.09 8.08 8.48

(Deuteron: Binding energy By, asymptotic S state Ag, asympiotic D/S state n, structure radius reir, quadrupole moment Q, D-state probability Pp; the predicted rsy- and Q are without

meson-exchange current contributions and relativistic corrections. Triton: Binding energy By.) By is fitted, all other quantities are predictions.

2See Table XVIIl of Machleidt [18] for refarences; the empirical value for rs is from Jentschura et al. [92].

TABLE 6 | x2/datum for the fit of the pp plus np data up to 190 MeV and two- and three-nucleon bound-state properties as produced by NN potentials at NNLO and

N4LO applying different values for the cutoff parameter A.

NNLO N‘LO
A(MeV) 450 500 550 450 500 550
x>/datum pp & np
0-190 MeV (2903 data) 442 3.27 3.32 117 1.08 1.25
Deuteron
By (MeV) 2.224575 2.224575 2.224575 2.224575 2.224575 2.224575
As (fm=1/2) 0.8847 0.8844 0.8843 0.8852 0.8852 0.8851
n 0.0255 0.0257 0.0258 0.0254 0.0258 0.0257
rstr (fm) 1.967 1.968 1.968 1.966 1.973 1.971
Q (fm?) 0.269 0.273 0.275 0.269 0.273 0.271
Ppo (%) 3.95 4.49 4.87 4.38 410 413
Triton
B; (MeV) 8.35 8.21 8.10 8.04 8.08 8.12

For some of the notation, see Table 5, where also empirical information on the deuteron and triton can be found.






Strong coupling constant: a..(Q)

Q is momentum transfer to system

1 10 100
Q[GeV]

Figure 1.6 The running coupling constant as(Q?) as a.function of
momentum transfer Q2 determined from a variety of processes. The
figure is from [Bet00].



Strong coupling constant: a..(Q)
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Physicists Finally Know How the Strong Force Gets
Its Strength

New discoveries demystify the bizarre force that binds atomic nuclei together

BY STANLEY J. BRODSKY, ALEXANDRE DEUR & CRAIG D. ROBERTS




Experimental determination of the QCD effective charge «,, (@)

A. Deur,"? V. Burkert,! J.P. Chen,! W. Korsch®
Y Thomas Jefferson National Accelerator Facility, Newport News, VA 23606. USA
2 University of Virginia, Charlottesville, VA 22904. USA
3 University of Kentucky, Lezington, KY 40506. USA

Abstract

The QCD effective charge «g, (@) is an observable that characterizes the magnitude of the strong
interaction. At high momentum Q. it coincides with the QCD running coupling as(Q). At low
Q, it offers a nonperturbative definition of the running coupling. We have extracted g, (Q) from
measurements carried out at Jefferson Lab that span the very low to moderately high € domain,
0.14 € Q < 218 GeV. The precision of the new results is much improved over the previous
extractions and the reach in @ at the lower end is significantly expanded. The data show that
ag,(Q) becomes Q-independent at very low @. They compare well with two recent predictions of

the QCD effective charge based on Dyson-Schwinger equations and on the AdS/CFT duality.

5.01169v2 [hep-ph] 30 May 2022
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FIG. 1: Effective charge ag4, (())/m obtained from JLab experiments E03006/E97110 [33] (solid stars),
E03006/E05111 [33] (solid circles) and EG1dves [32] (solid triangles) and from COMPASS [31] (solid square).
Inner error bars represent the statistical uncertainties and outer ones the systematic and statistical uncer-
tainties added quadratically. The open symbols show the older world data [27 30] with the error bars the

quadratic sum of the systematic and statistical uncertainties. Also shown are the HLFQCD [24] (red line,



Can use XEFT to calculate nuclear properties (up to A ~ 20)

First principles or ab initio nuclear theory

‘,,, 0 QOQ G NN force NNN force :NNNN force
Quantum Chromodynamics quarks, gluons @ H ,
QCD | i
(Qco) L @ o XHH
Chiral Effective o H H
Field Theory 2 HH H|
(parameters fitted Nto: T[T+
to NN data) QGQ H( >K
. & XHHEHEH

Current ab initio
nuclear theory

HWW = E@™
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Conceptually simplest ab initio method: No-Core Shell Model (NCSM) S ——

Bruce R. Barrett?, Petr Navratil®, James P. Vary & 7

= Basis expansion method

= Harmonic oscillator (HO) basis truncated in a particular way (Nax)
= Why HO basis?

= Lowest filled HO shells match magic numbers of light nuclei N=Ny +1
(2, 8, 20 — *He, €0, 4°Ca)

= Equivalent description in relative(Jacobi)-coordinate and o
Slater determinant basis

@ nesw|

= Short- and medium range correlations
= Bound-states, narrow resonances
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Example of real NP calculation

Radiative capture of protons on "Be

= Solar pp chain reaction, solar 8B neutrinos
= NCSMC calculations with a set of chiral NN+3N interactions
as input
= Radiative capture S-factor
= Dominated by E1 non-resonant
= M1/E2 significant at 1* and 3* resonances
= Correlations between results obtained by different chiral
interactions and experimental data — evaluation of the
S-factor at E=0 energy relevant for the solar physics

Recommended value S;;(0) ~ 19.8(3) eV b

Latest evaluation in Rev. Mod. Phys. 83,195-245 (2011):
817(0) = 20.8 + 0.7(expt) + 1.4(theory) eV b
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Physics Letters B

journal homepage: www.elsevier.com/locate/physletd

Ab initio informed evaluation of the radiative capture of protons on Be

K. Kravvaris >*, P. Navrétil”, S. Quaglioni?®, C. Hebborn %, G. Hupin ¢
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