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We present improved nucleon-nucleon potentials derived in chiral effective field theory up to next-
to-next-to-next-to-leading order. We argue that the nonlocal momentum-space regulator employed
in the two-nucleon potentials of Refs. [I 2] is not the most efficient choice, in particular since
it affects the long-range part of the interaction. We are able to significantly reduce finite-cutoff
artefacts by using an appropriate regularization in coordinate space which maintains the analytic
structure of the amplitude. The new potentials do not require the additional spectral function
regularization employed in Ref. [I] to cut off the short-range components of the two-pion exchange
and make use of the low-energy constants ¢; and d; determined from pion-nucleon scattering without
any fine tuning. We discuss in detail the construction of the new potentials and convergence of the
chiral expansion for two-nucleon observables. We also introduce a new procedure for estimating the
theoretical uncertainty from the truncation of the chiral expansion that replaces previous reliance
on cutoff variation.

PACS numbers: 13.75.Cs,21.30.-x

I. INTRODUCTION

In the past decade, we have witnessed impressive progress in the field of low-energy nuclear physics which is, to a large
extent, related to exciting theoretical developments. On the one hand, rapidly increasing computational resources
and improvements in algorithms make selected nuclear physics observables amenable to numerical simulations in
lattice QCD, see Ref. [3] for a review article. On the other hand, considerable progress has been achieved towards
a quantitative description of nuclear forces within the framework of chiral effective field theory (EFT) initiated
in the pioneering work of Weinberg [4]. This approach has been used to derive nuclear forces, defined as kernels
of the corresponding dynamical equations, order-by-order within the EFT expansion, see Refs. [Bl [6] for the first
quantitative studies along these lines. The resulting scheme, based on solving the nuclear A-body problem in a
Hamiltonian framework with interactions between nucleons tied to QCD via its symmetries, has been developed into
a major research field in computational few- and many-body physics and provides nowadays a commonly accepted
approach to ab-initio studies of nuclear structure and reactions [7, 8]. In addition to offering a natural explanation for
the observed hierarchy of many-body forces, Vo > Vany > Vyn ..., and allowing for the estimation of the theoretical
uncertainty, it is expected to shed light on the long-standing three-nucleon force (3NF) problem, an old but still very
current topic in nuclear physics [9, [10]. While effects of 3NFs in low-energy nuclear observables are expected to be
smaller than the ones of the nucleon-nucleon (NN) force, their inclusion is mandatory at the level of accuracy of
todays few- and many-body ab-initio calculations. However, in spite of decades of effort, the structure of the 3NF is
not properly described by the available phenomenological models [9]. Given the very rich spin-momentum structure
of the 3NF [ITHI3], scarcer database for nucleon-deuteron scattering as compared to the NN system and relatively
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high computational cost of solving the Faddeev equations, further progress in this fields requires substantial input
from theory. This provides a strong motivation to study the 3NF within chiral EFT, and this topic is recognized as an
important frontier in the field [8, 14, [I5]. In particular, the recently formed Low Energy Nuclear Physics International
Collaboration (LENPIC) [16] intends to carry out detailed ab-initio calculations of few- and many-nucleon systems
in order to study effects of the 3NF complete through fourth order in the chiral expansion, i.e. next-to-next-to-next-
to-leading order (N3LO).

Clearly, looking for fine details of the 3NF, which itself is expected to provide a small correction to the dominant NN
force, requires that the NN interaction is known with a sufficiently high accuracy and that one is able to carry out
reliable estimation of the theoretical uncertainty. While accurate N3LO NN potentials have been available since ten
years [I], 2], there are certain issues which might become relevant at the accuracy level of the ongoing and planned
calculations. First of all; the potentials of Ref. [I] employ an additional spectral function regularization (SFR)
[I'7, 18] in order to suppress an unphysically strong attraction caused by the very strong short-range components
of the subleading two-pion exchange. On the other hand, the available calculations of the 3NF at and beyond the
N3LO level employ the standard dimensional regularization. Introducing the additional SFR on some of the 3NF
contributions such as, for example, the so-called ring diagrams, appears to be a nontrivial task. Notice that the
potential of Ref. [2] avoids the usage of the SFR, but probably at the cost of allowing for a variable functional form
of the regulator function for different terms in the interaction, see Table F.2 in Ref. [19]. Another issue concerns the
adopted values of certain pion-nucleon (7 N') low-energy constants (LECs) such as especially the ¢;’s, which accompany
the subleading vertices in the 7N effective Lagrangian. These LECs govern the strength of the two-pion exchange
NN potential and of the long- and intermediate-range 3NF's and should be taken consistently with the 7V system. It
is well known that some of these LECs and, especially, the LEC c3 receive significant contributions associated with
the intermediate A excitation of the nucleon and appear to be numerically large [20]. It was found in Ref. [I] that
the large empirical values of ¢z would result in generating unphysical deeply bound states in the NN system, so that
a reduced value for this LEC has been used in the N3LO potential of Ref. [I]. In the N3LO potential of Ref. [2],
the LECs cp 34 were actually tuned to improve the quality of the fit which resulted, in particular, in the value of
¢4 incompatible with the available determinations from the 7N system. Perhaps most importantly, the theoretical
uncertainty of the calculations due to truncation of the chiral expansion at a given order was so far at best estimated
by means of a residual cutoff dependence. As will be argued below, such an approach does not allow for a reliable
quantification of the theoretical accuracy.

All these issues clearly call for taking a fresh look at the NN system in chiral EFT. In this work, we introduce a
new generation of the chiral N®LO NN potentials which make use of a local regularization of the pion-exchange
contributions. The resulting potentials provide an excellent description of low-energy NN scattering observables and
the deuteron properties and resolve all the issues mentioned above. In addition, we propose a simple approach for
estimating the uncertainty due to truncation of the chiral expansion, which does not rely on cutoff variation, and
study in detail the convergence of the chiral expansion for various NN observables.

Our paper is organized as follows. In section we discuss the chiral expansion for the NN potential up to N>LO.
The new regularization scheme is introduced in section [[TI] while section [[V] describes our fit procedure and results for
the phase shifts. The cutoff dependence of the obtained predictions is addressed in section [V]while our results for the
deuteron properties can be found in section [VI} The theoretical uncertainty of our results is discussed in section [VII]
where we also analyze the convergence of the chiral expansion for various NN scattering observables. Finally, the
main findings of our work are summarized in section [VIII}

II. CHIRAL EXPANSION OF THE TWO-NUCLEON POTENTIAL

Chiral effective field theory provides a well-defined perturbative expansion for pionic and single-baryon observables
as well as for nuclear forces and current operators. In the two-flavor sector we are interested in here, the expansion

parameter, denoted as @), is defined as
p M
-— — 2.1
ac{r ). (2.1)

where p refers to magnitude of three momenta of external particles, M, is the pion mass and A; is the breakdown
scale of chiral EFT. In the Goldstone boson and single-nucleon sectors, this scale can be naturally expected to be
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FIG. 1: Chiral expansion of the NN potential up to N3LO. Solid and dashed lines refer to nucleons and pions, respectively.
Solid dots denote the vertices from the lowest-order effective Lagrangians ﬁsro), ESTOK, and Es\%] with the superscript referring
to the chiral dimension, for which we use the notation of Ref. [7], see this work for explicit expressions. Filled circles refer to
vertices from L‘Erl]i, while squares (diamonds) denote vertices from L‘Ssz, and LS\%\, (L‘S@V) Only those diagrams are shown which
lead to contributions to the potential beyond renormalization of various coupling constants. Only irreducible contributions of
various diagrams are taken into account in the potential as explained in the text.

of the order of the p-meson mass M,.! It was also argued [2I] that it cannot be larger than the chiral symmetry
breaking scale A, = 4nF, with F; ~ 92MeV the pion decay constant. On the other hand, in the few-nucleon
sector, calculations are usually carried out employing a finite ultraviolet cutoff [22], whose value is typically chosen
of the order of A ~ 500 MeV. Using soft values of the cutoff may effectively reduce the breakdown scale in the actual
calculations. It is, therefore, more appropriate to estimate the breakdown scale of nuclear chiral EFT in a more
conservative way rather than by M, ~ 770 MeV or even the chiral symmetry breaking scale A, ~ 1.2GeV. We will
discuss this issue in more detail in sections [V] and [VIIl

Up to N3LO, the NN potential involves contributions from one-, two- and three-pion exchange and contact terms with
up to four derivatives which parametrize short-range interactions

V= ‘/hr + ‘/27T + ‘/37T + ‘/cont ) (22)

see Fig. || where the corresponding diagrams are shown. Here and in what follows, we adopt the standard power
counting rules for short-range operators which are based on naive dimensional analysis, see Refs. [23H25] for alternative
suggestions and Refs. [22] [26H28] for a related discussion. We further emphasize that diagrams shown in Fig.
do actually not correspond to Feynman graphs which provide a graphical representation of the on-shell scattering
amplitude. Rather, they should be understood as a schematic visualization of the irreducible parts of the amplitude,
i.e. those diagrams which do not correspond to iterations of the dynamical equation. For a comprehensive discussion on
the various ways to derive energy-independent nuclear potentials and the associated unitary ambiguities see Refs. [19]
29H33].

The static one-pion exchange potential (OPEP) is well known and takes the form

VP = Vi = Vir(Mzo),
VI = —Vig(Mgpo) +2(=1)" Vi (Mys), (2.3)

1 In the nucleon sector, one may expect the breakdown scale of the chiral expansion to be lower due to the appearance of the A(1232)
resonance. The effects of the intermediate A excitations can by systematically taken into account by treating the A isobar as an explicit
degree of freedom.



where I denotes the total isospin of the two-nucleon system and

2 o JE —
ga 01°4902-¢q

Vin(Mr) = =175 ¢+ M2

(2.4)
Here and in what follows, ¢ = p’ — p refers to the momentum transfer with p and p”’ being the initial and final
nucleon momenta in the center-of-mass system (cms), while ¢ = |¢|. Further, &; denotes the Pauli spin matrix
of nucleon i. Finally, ga, Fr; and M o/M_ .+ denote the axial-vector coupling constant of the nucleon, pion decay
constant and neutral/charged pion mass, respectively. Notice that the above expressions include the isospin-breaking
(IB) correction due to the different pion masses which is known to be the strongest long-range IB contribution, see
Refs. [34H39] for more details on the isospin dependence of the NN force. Charge dependence of the pion-nucleon
coupling constant is consistent with zero [40] and for this reason will not be taken into account in the present work.
The form of the longest-range NN force specified above coincides with the one employed in the Nijmegen partial wave
analysis (NPWA) [41] which we use as input for tuning the short-range interactions. Relativistic corrections to the
OPEP will be discussed at the end of this section.

The chiral expansion of the two-pion exchange potential (TPEP) starts at next-to-leading order (NLO) which corre-
sponds to the chiral order Q2. Using the decomposition of the momentum-space TPEP

‘/271— = VC+T1'T2WC+[VS+T1'T2WS]51'52+[VT+T1'T2WT]51'@52'(7
+ [Vos+ 71 T2aWis| (61 +Ga) - (Tx k), (2.5)

where k = (p+p")/2, 7; denote the isospin Pauli matrices associated with the nucleon ¢, while Vo s 7 s and We s 1 1s
are scalar functions which depend on the nucleon momenta, the order-Q? contributions take the form
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The loop function L(q) is defined in dimensional regularization (DR) via

_ \/4M72r—|—q2 In \/4M7%+q2+q

L
(q) . oL

(2.7)

Notice that we only list here non-polynomial in momenta contributions while all polynomial terms are absorbed into
contact interactions which will be discussed below.

The corrections at order Q? giving rise to the subleading TPEP have the form

2
(3) _ 3gA 2 2 2 2
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X 1 9
W - _?Wé ) _327:}4 cs(AM2 + ¢*) A(q)
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VE — v —v® ) — ) — g, (2.8)

where ¢; are LECs associated with the subleading 7w NN vertices from ijz, and the loop function A(g) is given in
DR by

Aq) = L arctan (2.9)

q
2q oM,

At order Q*, i.e. N3LO, one encounters further corrections to the TPEP emerging from the various one- and two-loop
diagrams which have been calculated in Ref. [42]. The contributions of the one-loop “bubble” diagrams to the TPEP
take a particularly simple form

(4) _ 3 Co 2 2 2 9 9 2 C% ) oo
Vo = qgpom L9 {[6(4M7r + %) + s M2+ ¢*) — der 2] + UM +¢%)
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The remaining contributions from one- and two-loop diagrams can be most conveniently written using the (subtracted)
spectral representation of the TPEP

2¢° [ pe,s (1) 2¢* [ pr(p)
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where p; and 7; denote the corresponding spectral functions which are related to the potential via p;(u) = ImV;(ip),
7 (1) = ImW;(ip). For the spectral functions p; (1) (n;(1)) one finds [42]:
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where we have introduced the abbreviations

1
r = 5\//12—4M,§, t=+/p?—2M2, (2.13)

1 2 2\ 3/2 2 2.2
M= M* re + /M2 +riz
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Here and in what follows, we use the scale-independent LECs dy, da, d3, ds, di4 and dqs defined in [43]. Omne also
has to account for relativistic corrections to the TPEP which will be discussed at the end of this section.

and

Ja

The short-range part of the chiral potential involves in the isospin limit two derivative-less interactions contributing at
leading order (LO), seven terms involving two derivatives at next-to-leading order (NLO) and fifteen terms involving
four derivatives at N3LO. For isospin-breaking contact interactions, we employ here only the leading derivative-less
terms which give rise to charge-independence and charge symmetry breaking in the 'Sy NN phase shift. Notice that



at N3LO, one, strictly speaking, also needs to take into account IB TPEP as well as the the my-exchange potential.
Given that we use the NPWA rather than experimental data as input to determine various LECs accompanying
short-range interactions, we employ here the same treatment of IB effects as used by the Nijmegen group. Specifically,
the only sources of (finite-range) IB contributions to the NN force are given by the OPEP, see Eq. and the two
derivative-less IB contact interactions. This is also exactly the same procedure as the one employed in our analysis
reported in Ref. [I]. The contact interactions used in the present work yield the following contributions to the NN
potential in the partial-wave basis

2 /2 14
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where C;, CP, CP?, C™ C; and D; denote the corresponding LECs. The relation between these LECs and the ones
corresponding to the operator form of the short-range potential can be found in Eq. (2.6) of Ref. [I]. Notice further
that we do not show explicitly the pion mass dependence of various contact interactions.

Finally, let us discuss the relativistic corrections to the potential which according to our power counting scheme start
to contribute at N3LO. Notice that following Ref. [44], we treat the nucleon mass as a heavier scale as compared
with the breakdown scale A, by counting Q/my ~ Q> /A%. The relativistic corrections are scheme-dependent or,
more precisely, depend on the employed form of the dynamical equation and the choice of unitary transformations
as explained in detail in Ref. [45]. Contrary to the static N3LO contributions, the results for the 1/m% -corrections
to the OPEP and 1/my-corrections to the TPEP are not uniquely determlned by the renormalizability requirement
of the nuclear forces [46] and depend on two arbitrary parameters, called 5879 in that work, which correspond to the
unitary ambiguity of the potential and are related to the parameters p and v of Ref. [45] via

=48y + 1, v=203. (2.16)

Here and in what follows, we employ the “minimal nonlocality” choice of the potential corresponding to setting p = 0
and v = 1/2 or, equivalently, 3s = 1/4, By = —1/4.2 This particular choice implies that the only 1/m3 -corrections to
the OPEP stem from accounting for the relativistic normalization of the nucleon field operators. Using the relativistic
Schrodinger equation for NN scattering of the form

[21/p2+m?v+V} U =2/k24+mi V¥, (2.17)

where my = m,, for the proton-proton (pp), mn = m, for the neutron-neutron (nn) and my = 2mpym,/(m, + my,)
for the neutron-proton (np) case and k denotes the momentum corresponding to the energy eigenvalue E, the full

2 We correct here a misprint in Eq. (4.24) of Ref. [46], where the “minimal nonlocality” choice was specified by Bs = 1/4, By = 0.



non-static expression for the OPEP takes the form

2 2
my ic MN p°+p —4 tatic
Vip= ——ystatic = (12—~ 10 \ % 2.18
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where Ey = \/p? + m% is an operator. Notice that here and in what follows, we use the notation p = |p|, p’ = [p”|
and g = |7|. The corresponding 1/mpy-corrections to the TPEP read [45]3
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It is customary to rewrite the relativistic Schrédinger equation (2.17)) in the equivalent non-relativistic form [45]

2 2
[p + V} L (2.20)
my my

where the potential operator V is given by

_ ) 2 2
V = {p—’_mN’ V} + v (2.21)

2mN 4mN ’

and {,} denotes the anti-commutator. This implies, in particular, that the 1/my-corrections to the TPEP receive
further contributions induced by the second term in the right-hand side of the above equation, V2 /(4my), which
have the form
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and need to be added to the expressions in Eq. . It is this form of the Schrédinger equation which was used in the
NPWA and is employed in the present analysis. We refer the reader to appendix [A] for more details on the kinematics
and notations. To summarize, the relativistic corrections to the NN potential at N®LO in the cms employed in the
present work consist of:

e 1/my-corrections to the static TPEP according to Egs. (2.19) and (2.22)),

3 Notice that there are misprints in Eq. (2.23) of Ref. [I] for Vq(fl) and W;?S



o O(my?)-corrections to the static OPEP and the resulting TPEP according to Egs. (2.18) and (2.21)),

@7 Vls;atic Vo, b — (Vls;atic + ‘/'27‘_) (223)
2F,

This particular choice is appropriate at the order we are working and is well suited for the local regularization
of the long-range potentials employed in our analysis, see the next section for more details. Notice that the
relativistic corrections to the contact interactions in the cms have the same form as the static terms and thus
need not to be considered separately.

We emphasize that we also included the leading 1/m y-corrections emerging from triangle two-pion exchange diagrams
involving subleading w/N vertices, i.e. proportional to ¢;. The corresponding expressions are not affected by unitary
ambiguity of the potential and can be found in Ref. [42]. While these contributions appear nominally at next-to-next-
to-next-to-next-to-leading order in the chiral expansion within the employed power counting scheme, the resulting
potentials are known to be rather strong, presumably due to the LECs ¢z 3 4 being numerically large. We have checked
that neglecting those terms does not substantially affect the quality of the fits but would result in a smaller range of
cutoffs.

III. REGULARIZATION

Nuclear potentials derived in chiral EFT generate ultraviolet (UV) divergences once substituted into the Lippmann-
Schwinger (LS) equation. The appearance of UV divergences in loop diagrams is an intrinsic feature of any EFT
which can be traced back to the derivative expansion of the effective Lagrangian. While perturbative calculations of
e.g. pion-pion or pion-nucleon scattering within chiral perturbation theory are usually organized in such a way that
all UV divergences at a given order are absorbable into redefinition of the available LECs, the situation is different for
nucleon-nucleon scattering described in terms of non-perturbative solution of the LS equation. While it is possible to
formulate a renormalizable approach to NN scattering with non-perturbative treatment of the OPEP [28] [47] 48], a
much simpler and commonly adopted way to renormalize the LS equation is based on introducing a finite UV cutoff.
(Implicit) renormalization of the NN amplitude is then achieved by tuning the (bare) LECs accompanying the contact
interactions to experimental data or phase shifts. One advantage of such an approach, beyond its simplicity, is the
ability to combine the resulting nuclear potentials with the available few- and many-body machinery which allows one
to access observables beyond the NN system. The obvious disadvantage compared to the renormalizable framework
suggested in Ref. [28] is the appearance of finite-cutoff artefacts as manifested e.g. in a residual cutoff dependence
of nuclear observables. This feature is unavoidable in calculations within such an approach (unless one is able to
subtract all divergent integrals generated by iterations of the chiral potentials in the LS equation). As a consequence,
the UV momentum-space cutoff A has to be kept finite and (ideally) of the order of the pertinent breakdown scale in
the problem [22] 26], 27, [49].

In practice, one is rather limited with respect to the range of cutoff values since choosing A ~ M, or larger was
already found to result in spurious deeply-bound states [I]. While such unphysical deeply bound state do not affect
low-energy observables, they do drastically complicate applications to three- and more-nucleon systems. For this
reason, Ref. [1] has employed the cutoff range of A = 450...600 MeV while the Idaho N3*LO potential is available for
two cutoff values only, namely A = 500 MeV and A = 600 MeV [2, 19]. We further emphasize that lattice spacings
employed in recent nuclear lattice simulations of Ref. [50H55] correspond to even smaller cutoff values.

Given the relatively low values of A, it is clearly desirable, in order to increase the accuracy and applicability range
of nuclear chiral EFT, to reduce the amount of finite-cutoff artefacts, see Ref. [56] for a recent lattice EFT work in a
similar spirit, or at least to employ regularization which avoids introducing unnecessary artefacts. In the following,
we will argue that the momentum-space regularization used in the N3LO potentials of Refs. [I, 2] does induce certain
kinds of artefacts which can be easily avoided by carrying out regularization in coordinate space as used recently in
the construction of the local chiral NN potentials up to next-to-next-to-leading order (N*LO) [57, 58].

Chiral nuclear forces involve generally two distinct kinds of contributions: first, at large distances the potential is
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FIG. 2: Singularity structure of the partial-wave two-nucleon scattering amplitude in the complex energy plane. The solid
dot indicates the position of the S-wave (virtual) bound state. Elastic unitarity is satisfied on the right-hand cut, also called
unitarity cut. Left-hand cuts are caused by exchange processes in the potential. The first and second left-hand cuts due to
one- and two-pion exchange start at laboratory energy of E, = —MZ2/(2mn) ~ 10MeV and Eor = —2M2/my ~ 40 MeV,
respectively.

governed by contributions emerging from pion exchanges which are unambiguously* determined by the chiral symmetry
of QCD and experimental information on the pion-nucleon system needed to pin down the relevant LECs. Secondly,
the short-range part of the potential is parametrized by all possible contact interactions with increasing number
of derivatives. It is desirable to introduce regularization in such a way that the long-range part of the interaction
including especially the OPEP, which is responsible for left-hand cuts in the partial-wave scattering amplitude as
visualized in Fig. 2] and thus governs near-threshold energy behavior of the S-matrix, is not affected by the regulator.
Notice that the near-threshold left-hand singularities of the amplitude can be tested e.g. via the low-energy theorems
[277, [59].

The standard implementation of the regulator used e.g. in Refs. [I], 2] is as follows:

p/m +pm>

T (3.24)

V@ﬂﬁw+w%@ﬂﬁ>=vwﬁﬁ>wp(—

where the power m is chosen sufficiently large in order that the cutoff artefacts V(p’,p) x O((Q/ A)m) are beyond
the chiral order one is working at. Specifically, Ref. [1] used m = 6 while Ref. [2] employed different powers m < 6 for
different terms in the potential, presumably in order to optimize the quality of the fit. It is clear that the multiplicative
regulator introduced above leads to distortions of the analytic structure of the partial-wave amplitude near threshold
as it affects the discontinuity across the left-hand cuts, see also Refs. [60, [61] for recent studies of NN scattering
which explicitly exploit the analytic structure of the amplitude. While such distortions are small if A can be chosen
sufficiently large, they can lead to sizable effects for the commonly adopted choices of A ~ 500 MeV. It is easy to
avoid this unpleasant feature by exploiting the fact that long-range potentials derived in chiral EFT are nearly local,
i.e. depend only on momentum transfer ¢. In fact, the only source of non-locality is given by relativistic corrections
which, in the power counting scheme we are using, start to appear at N3LO, see the previous section. The feature
of locality naturally suggests to apply regularization in coordinate space similar to what was done in Refs. [57, 58]
by cutting off short-range parts of the pion-exchange potentials, for which chiral expansion does not converge, see
Ref. [62] for a related discussion:

— T — — r
Viongfrange(r> - Vioenggfrangc(r) = Viongfrange(r)f (E) ’ (325)

where the regulator function f(x) is chosen such that its value goes to 0 (1) sufficiently fast for  — 0 (exponentially
fast for > 1). It is instructive to write this regularization in momentum space,

Pl
gV OF Tl = 11, (3.26)

V@) - VeE@) =V - [

4 Strictly speaking, even the long-range tail of the potential is scheme-dependent as it can be affected by unitary transformations. Notice,
however, that unitary ambiguity of the chiral nuclear forces was found to be strongly reduced in the static limit if one demands that
the corresponding potentials are renormalizable [32].
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where FT stays for the Fourier-Transform. Given that FT[1 — f] is a short-range operator, the second term in
the right-hand side of the above equation does not induce any long-range contributions. This is in contrast to the
procedure specified in Eq. , where long-range terms are induced by regularization (albeit suppressed by inverse
powers of the cutoff A). Notice further that the suggested regularization is qualitatively similar to the well-known
Pauli-Villars regularization.

As will be shown in the next section, the above choice of the regulator makes the additional SFR of the pion exchange
contributions obsolete. This is a particularly welcome feature in view of the fact that the expressions for the three-
nucleon force at N3LO [46] [63 [64] are only available in the framework of DR which corresponds to choosing an
infinitely large cutoff in the spectral function representation. Notice further that recent calculations of the three-
nucleon force beyond N3LO [I1], [65] are also carried out in the framework of DR. The SFR was originally introduced
in Refs. [I7, 18] as an attempt to avoid unnaturally strong attraction generated by the subleading TPEP in the
isoscalar central channel [29] caused by short-range components in the spectral representation. The SFR framework
was used to construct the N3LO potential of Ref. [I]. Notice, however, that in spite of employing the SFR, it was
necessary to set the LEC c3, which governs the isoscalar part of the N2LO TPEP, to its lowest in magnitude value
still compatible with 7N scattering in order to avoid the appearance of deeply bound states.

We are now in the position to specify the regulator function f(r/R), for which the choice f(r/R) =1—exp(—(r/R)*)
was adopted in Refs. [57, [58]. Given that DR expressions for TPEP at N2LO behave at short distances as 1/7°, such
a regulator is insufficient to make the DR potential non-singular and can only be used in combination with the SFR
which makes the TPEP less singular. Notice further that such a regulator induces oscillations in momentum-space
matrix elements of the potential V(¢) for large values of ¢ which may represent a considerable complication for
numerical applications. In order to avoid this unpleasant feature, the regulator function can be chosen in the form

r(5)=[-en(-5)] - (3.27)

where the exponent n has to be taken sufficiently large. It is necessary to choose n = 4 or larger in order to
make the regularized expressions for the DR TPEP at N3LO vanishing in the origin, but we found that larger
values of n lead to more stable numerical results when doing calculations in momentum space.” Here and in what
follows, we make the choice n = 6. For contact interactions, we employ the standard nonlocal regulator specified in
Eq. and set m = 2 so that the regulator is again of a Gaussian type. In order to have a single cutoff scale,
we will relate the coordinate- and momentum-space cutoffs R and A by setting A = 2R~ motivated by the relation
FT,[exp(—r?/R?)| « exp(—¢*R?/4). We will show below that the results of our analysis depend little on specific
details of the regulator.

IV. FITS AND RESULTS FOR THE PHASE SHIFTS

Having specified the regularization, we now describe the fit procedure and show our results for phase shifts. We
begin with specifying the values of the LECs and masses that enter the potentials. Here and in what follows, we use
my = 938.272MeV, m,, = 939.565MeV for the nucleon masses and M,+ = 139.57 MeV and M, o = 134.98 MeV for
the charged and neutral pion masses, respectively. For the average pion mass which enters the expressions for the
TPEP the value M, = 138.03 MeV is adopted. Further, we use the values F; = 92.4MeV and g4 = 1.267 for the pion
decay and nucleon axial coupling constants. Starting from NLO, one needs to account for the Goldberger-Treiman
discrepancy which can be achieved via the replacement

ga — ga —2d1s M7 (4.28)

where djg is a LEC from the sub-subleading pion-nucleon effective Lagrangian. Following [I], we adopt the larger
value g4 = 1.29 instead of g4 = 1.267 in order to account for the Goldberger-Treiman discrepancy in the expressions
for the OPEP and, at N3LO, also for the leading TPEP. Using the Goldberger-Treiman relation g,n = gamy/Fy,

5 Given that locally-regularized potentials V' (§) show only a power-low decrease for high values of momentum transfer g, much higher
virtual momenta are involved in solving the LS equation as compared to the nonlocal chiral potentials of Refs. [T} 2].
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TABLE I: Values of the LECs ¢; in units of GeV ™! used in the various N*LO NN potentials in comparison with the empirically
determined values from wN scattering as described in the text.

LEC N®LO potential of Ref. [2] N®LO potential of Ref. [I] this work Empirical
c1 —-0.81 —0.81 —0.81 —0.81 +0.15 [68]
c2 2.80" 3.28 3.28 3.28 £ 0.23 [43]
cs —3.20* —3.407 —4.69 —4.69 4+ 1.34 [68)
cs 5.40" 3.40 3.40 3.40 + 0.04 [68]

*Fit parameter.

tLarger in magnitude values were found to lead to spurious deeply-bound states.

this value of g4 leads to g2, /(4m) = 13.67 which is consistent with the recent determination via the Goldberger-
Miyazawa-Oehme sum rule [66], g2\, /(47) = 13.69 & 0.20, as well as with the older determinations from NN [40] and
wN [67] scattering data.

It remains to specify the 7N LECs ¢; and d; which enter the TPEP at N3LO. In Table|[ll we list the values of the ¢;’s
adopted in the N®LO potentials of Refs. [ 2] and in the current work together with the empirical values determined
from pion-nucleon scattering inside the Mandelstam triangle (fit 1). Using this unphysical kinematics in combination
with dispersion relations has the advantage that the chiral expansion converges faster than in the physical region.
Thus, one expects the determined LECs to have smaller theoretical uncertainties due to truncation of the chiral
expansion as compared to fits in the physical region. For the LEC cg, which could not be reliably determined in
[68], we give the value from the order @ heavy-baryon calculation of Ref. [43]. We emphasize that several more
recent determinations of these LECs from 7N scattering up to order Q* in the heavy-baryon as well as manifestly
covariant formulations of chiral perturbation theory are available, see e.g. [65] [69H72]. In addition, attempts were
made to determine the LECs ¢; 34 from nucleon-nucleon scattering data based on the two-pion exchange potential
calculated at N2LO [73H78] and N3LO [2]. In particular, the values found in Refs. [73} [75] [78] are consistent, within
the quoted uncertainties, with the results obtained in pion-nucleon scattering. Notice, however, that none of these
studies have addressed the question of the systematic theoretical uncertainties, in particular due to truncation of the
chiral expansion for the potential at a given order. Accordingly, the interpretation of these findings is not completely
clear. Finally, for the LECs d; from the order-Q? effective pion-nucleon Lagrangian which contribute to the N3LO
TPEP we adopt, following Refs. [I} 2], the central values from fit 1 to 7N phase shift given in Ref. [43], namely

di + dy = 3.06 GeV 2, ds = —3.27 GeV ™2, ds = 0.45 GeV~2, dis — di5 = —5.65 GeV 2. (4.29)

For the regulator R, we employ the same range as used in the local versions of the N2LO NN potential of Ref. [57],
namely R = 0.8...1.2fm. Specifically, we will carry out fits for five different values of R, namely R = 0.8 fm,
R =09fm, R =10fm, R = 1.1fm and R = 1.2fm. Notice that the smallest value of the cutoff R, R = 0.8 fm,
coincides with the estimated distance at which the chiral expansion of the NN potential is expected to break down
[62]. When transformed to momentum space using the relation A = 2R~! as motivated in the previous section, the
employed cutoff range corresponds to the range of A ~ 500...330MeV.

Following the procedure of the NPWA [41] which we use as input for our calculations, we fit all isospin-1 channels to
pp phase shifts, which are accurately determined from the available scattering data, and generate np and nn phase
shlfts (with the exception of the 'Sy partial wave) by using the appropriate kinematical relations, see Eqs. ,
and (A.4), taking into account the isospin-breaking corrections to the OPEP due to the dlﬁerent pion masses,
see Eq -| and switching off the long-range electromagnetic interactions®. More precisely, pp phase shifts of
Ref. [41], which we use as input in our fits, actually correspond to phase shifts of the electromagnetic plus nuclear
1nteract10n with respect to electromagnetic wave functions, i.e. 65n .,y in the notation of Ref. [4I]. The dominant

6 Notice that such a “minimalistic” treatment of IB effects in the present analysis is dictated by using the NPWA results rather than NN
experimental data as input for our fits. In particular, we do not take into account the known IB two-pion exchange contributions since
they would induce shifts dnp — dpp incompatible with the results of Ref. [41]. A more complete treatment of IB corrections using NN
experimental data is left for a future work.
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contributions to the long-range electromagnetic interaction are well known and include the usual static Coulomb
potential, the leading relativistic correction to the Coulomb potential, the magnetic moment interaction and the
vacuum polarization potential, see e.g. [1l [41] and references therein for more details and explicit expressions. Notice
that the static Coulomb potential in combination with the leading relativistic correction is often referred to as the
modified or relativistic Coulomb interaction. The NPWA employs the approximation SEAT AN~ 58 4 for all pp
channels except 'Sy, where C' means that the electromagnetic interaction is approximated by the Coulomb potential.
For the 'Sy partial wave, the approximate relation between the phase shifts 5%% 4 Published in [4T] and 58 LNy can
be obtained using distorted wave Born approximation. The resulting fairly model-independent shifts are tabulated in
Ref. [T9] and appear to be negligibly small for energies larger than Ej,p, ~ 30 MeV. Throughout this work, we use pp
phase shifts corresponding to the modified Coulomb plus nuclear interaction with respect to the modified Coulomb
wave functions and employ the corrections given in Ref. [79] to relate these phase shifts to the ones of the NPWA [41]
in the 'Sy partial wave. For the np case, the calculated and shown phase shifts are that of the nuclear interaction
with respect to Ricatti-Bessel functions. Notice that np phase shifts of the NPWA [41] actually correspond to 6y N
since the electromagnetic interaction in that case is entirely given by the magnetic moment (MM) interaction within
the NPWA. It is well known that the approximation [80] 653, v & 0 is rather accurate for all channels except for
the 2S; partial wave [80]. We will employ this standard approximation for all np partial waves in order to directly
compare our phase shifts with the ones of the NPWA [4I]. It should be understood that effects of the magnetic
moment interaction in 6\, y in the 3S; channel of the NPWA [4I] are mimicked by contact interactions in the
potential when we calculate §y. We emphasize that our choice for the phase shifts throughout this work is the same
as the one adopted e.g. in Refs. [2] [8T].

For each value of the cutoff R, we determine the LECs accompanying the short-range operators specified in Eq. (2.15])
from a fit to np and pp phase shifts of the NPWA [41]. Specifically, we have in total 4 LECs at LO (Css1, C1g,,

CP2, and CP%), 11 LECs at NLO and N2LO (Cas1, C}%,, CP,, Ci8, and C;) and 26 LECs at N3LO (Css1, C15,,
C’f 50> ~{‘§O, C; and D;). Notice that while it is not necessary to account for isospin breaking at LO from the point
of view of power counting, we decided to include the same isospin-breaking corrections in order to be consistent with
the procedure of the NPWA and to allow for a meaningful comparison of results at different orders. The fits are
carried out using the same energies as employed in the multi-energy partial wave analysis of the Nijmegen group,
namely Fy;, = 1, 5, 10, 25, 50, 100, 150, 200, 250 and 300 MeV. Specifically, we use the energies Fy,;, < 25MeV at
LO, Elap < 100MeV at NLO and N2LO and Ep.p < 200 MeV at N3LO. The results for phase shifts at higher energies
are thus to be regarded as predictions.

At N3LO, we found that fits in the 3S;-3D; become unstable, which manifests itself in the appearance of different
solutions which describe equally well the 3S; and 3D, phase shifts and the mixing angle €;. This feature becomes
especially disturbing for the hardest cutoff choices of R = 0.8fm and R = 0.9fm and indicates that 8 unknown
LECs in this channel offer too much flexibility in the description of the phase shifts and the mixing angle. In
addition to requiring that the resulting LECs are of natural size, we decided to impose further constraints to stabilize
the fits in this channel. In particular, we demand that the deuteron binding energy is correctly reproduced and
discard solutions which lead to unrealistic values of the D-state probability in the deuteron or show a too strong
violation of the Wigner SU(4) symmetry which implies the relation Ciso9 ~ Css1 [82], see also Ref. [83]. It should
be emphasized that the deuteron D-state probability Pp is not a measurable quantity and can be changed by means
of a unitary transformation [84]. Modern phenomenological NN potentials typically yield the values of Pp in the
range of Pp =4...6%. In particular, the AV18 [80], Nijmegen I and IT and Reid93 [85] potentials have Pp = 5.76%,
Pp =5.66% Pp = 5.64% and Pp = 5.70%, respectively, while the CD-Bonn potential [81] leads to a smaller value
of Pp = 4.85%, see Ref. [86] for a related discussion. Furthermore, the chiral N3LO potential of Refs. [2] yields
Pp = 4.51% while the ones of Ref. [I] lead to even smaller values. It is conceivable that NN potentials corresponding
to the choice of unitary transformation leading to values of Pp very different from the ones listed above would require
strong many-body forces and exchange currents, the feature which is certainly worrisome in the context of effective
field theory but also from the computational point of view, see e.g. the discussion in Ref. [87]. Thus, we decided to
introduce the deuteron D-state probability Pp = 5% + 1% as an additional “data” point in the fit. As for the second
constraint on the value of Csg1, we employ a simple “augmented x2” following the lines of Ref. [88] to penalize those
values of Csg; which are considerably different from the ones of C1s0 for the same choice of the cutoff. In practice,
this is achieved by using

(6351 — C~‘1S0)2

o (4.30)

2 2 2 . 2
Xaug =X + Xprior’ with Xprior =

where we choose AC’g,Sl = 0150 /4. Notice that this additional constraint is, in fact, only active for the two hardest
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TABLE II: The LECs C’fgo, Ciso, cre, Css1, C; and D; at N®LO for different values of the cutoff R. The values of the Cj,
C; and D; are given in units of 10* GeV~2, 10* GeV~* and 10* GeV~°, respectively.

LEC R =0.8fm R=0.9fm R=1.0fm R=1.1fm R=12fm
éfgo 0.2363 0.1648 0.1090 0.0574 0.0166
crey 0.2352 0.1631 0.1070 0.0551 0.0140
cre, 0.2328 0.1600 0.1035 0.0513 0.0100
Ciso —0.0433 —0.0400 —0.1155 —0.2078 —0.3344
Diso 3.0691 —1.8080 —6.9812 —13.3659 —21.9934
D%SO 0.6135 3.0136 6.4537 10.8060 16.5111
C3po 1.0678 0.7812 0.5120 0.2645 0.0313
Dspo —0.4030 0.6311 1.5809 2.5084 3.4432
Cip1 1.0068 0.8095 0.6926 0.6267 0.5930
Dip1 0.9480 1.6652 2.4623 3.4613 4.7819
Csp1 1.3413 1.1253 0.9667 0.8592 0.7865
Dspy —0.7070 0.3656 1.4145 2.6058 4.1340
6351 0.2441 0.1688 0.1043 0.0513 0.0097
C3s1 —0.3292 —0.3844 —0.4256 —0.4868 —0.5790
Dig, —4.5205 —8.0894 —12.3514 —17.5859 —23.6921
Dis 3.8438 6.4034 9.2050 12.3977 15.7636
C3p1-3s51 0.3424 0.4092 0.5388 0.7298 0.9624
Dipi_ss1 0.8641 —0.3181 —2.0898 —4.3925 —7.3943
D2p1_as1 —1.5054 ~0.3157 1.6466 4.2798 8.0089
Dsp1 1.4422 1.2225 1.1240 1.1446 1.1740
Dip2 1.3770 0.9617 0.4782 —0.1144 —0.8569
Dspa 0.6540 0.0259 —0.8805 —2.1386 —3.8116
Csp2 0.5639 0.3189 0.1418 0.0134 —0.0768
D3p2 —0.5008 —0.4398 —0.6095 —1.0773 —1.9421
D3pa_3p2 —0.1355 —0.2343 —0.4108 —0.6946 —1.1275
Dsps —0.1655 —0.4103 —0.7289 —1.1377 —1.6564

choices of the cutoff as the unconstrained fits in other cases already lead to 0351 ~ C'lgo. For example, the value for
Css1 resulting from the unconstrained fit with the cutoff R = 1fm appears to lie within 1% of the value of C1gq.

Having specified the details of the fitting procedure, we are now in the position to discuss the results. In Table [[]
we give the obtained values of the various LECs at N3LO for different choices of the cutoff R. It is important to
keep in mind that the LECs correspond to bare quantities and are expected to depend significantly on the chiral
order, employed regularization scheme and the choice of the cutoff. Although the LECs at NLO and N2LO were
demonstrated in Ref. [83] to be well described in terms of resonance saturation by heavy-meson exchanges, it makes
generally little sense to directly compare the LECs obtained by using different regularization schemes with each other.
For example, due to the choice of a Gaussian regulator for contact interactions adopted in the present work, the LECs
D; contain contributions induced by contact interactions at lower orders driven by the LECs C; and C;. A more
meaningful comparison between the different approaches should rather be done at the level of observables or, more
generally, renormalized quantities. What is, however, important to verify is that the obtained LECs are of a natural
size. The natural size for the various LECs can be roughly estimated as [I]

47 47 47

|Ci|Nﬁa | i|NF27A12)’ |Di|NF27A§7

(4.31)
where the factor of 47 emerges from the angular integration in the partial wave decomposition and A, is the pertinent
hard scale. If the scale Ay is identified with the employed ultraviolet cutoff A = 2R, the expected natural size of the
LECs |C;l, |C;] and | D;| is 0.15x10* GeV~2, 0.6 x 10* GeV~* (1.4 x 10* GeV~*) and 2.5 x 10* GeV~6 (13 x 10* GeV~9),
respectively, for the hardest (softest) employed cutoff R = 0.8fm (R = 1.2fm). This would imply that all obtained
LECs are of a natural size. On the other hand, as we will show in the next section, the actual breakdown scale Ay in
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FIG. 3: Chiral expansion of the NN phase shifts in comparison with the NPWA [41] (solid dots) and the GWU single-energy np
partial wave analysis [89] (open triangles). Dotted, dashed (color online: brown), dashed-dotted (color online: blue) and solid
(color online: red) lines show the results at LO, NLO, N*LO and N3LO, respectively, calculated using the cutoff R = 0.9 fm.
Only those partial waves are shown which have been used in the fits at N®LO.

our case appears to be somewhat larger than the UV cutoff A = 2R~!. In particular, we will use A, = 400...600 MeV,
depending on the employed value of R, for estimating the theoretical uncertainty in section This implies that
the natural size of the LECs |C;| and |D;] is expected to be 0.4 x 10* GeV~=* (0.9 x 10* GeV~%) and 1.1 x 10* GeV~5
(6 x 102 GeV~9), respectively, for the hardest (softest) cutoff choices. Also for such an estimation, all LECs are of a
natural size (with the values of Dig, appearing to be somewhat large in magnitude).

In Fig. [3, we show our results at different orders in the chiral expansion for np phase shifts and mixing angles used
in the N3LO fit. Here, we restrict ourselves to one particular cutoff choice, namely R = 0.9fm, in order to have
not too many lines in the plots. The cutoff dependence of our results will be addressed in sections [V] and One
clearly observes a good convergence pattern with the N3LO results being in excellent agreement with the NPWA in
the whole considered range of energies. The convergence pattern is in most cases qualitatively similar to the one
reported in Ref. [I] although there are differences in certain channels. For example, for the 3P, partial wave, the
results at NLO and N2LO of Ref. [1] indicate too much repulsion at higher energies while the opposite is observed in
our analysis. Still, these results are consistent with each other within the estimated theoretical uncertainty at these
orders, see section for more details. Concerning the N3LO results, the improved NN potential of this work shows
a superior performance in the whole considered energy range compared to the potential of Ref. [1] as will be shown
below. We attribute this feature primarily to a better choice of regularization, see section for more details. We
also emphasize that our N3LO results for peripheral, i.e. F- and higher partial waves not shown in Fig. [3| are similar
to the ones reported in Refs. [IL O0]. In particular, we also observe large relative deviations for F-waves at higher
energies. For example, for the cutoff R = 0.9fm, we find 635, = 3.1° at Ej, = 250MeV to be compared with the
NPWA result 35, = 1.4°. Notice, however, that absolute deviations from the NPWA for F-waves appear to be of a
similar size as the ones observed in low partial wave so that there is no reason to expect the theoretical uncertainty
in low-energy observables to be dominated by the discrepancies in F-waves. It is conceivable that the deviations for
F-waves will be largely reduced by the order-Q°® contact interactions.

It is desirable to have a quantitative criterium for comparing the accuracy of different potentials with each other.
Usually, this is achieved by calculating the x?/datum for the reproduction of the available np and pp scattering data.
Presently, we do not have the necessary machinery to carry out such a calculation and reserve this task for a future
study. In the present work, we employ a simpler approach and calculate x?/datum for the reproduction of the phase
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TABLE III: x?/datum for the description of the Nijmegen np and pp phase shifts [41] as described in the text. Only those
channels are included which have been used in the N®LO fits, namely the S-, P- and D-waves and the mixing angles €; and ez.

FEjap bin - CD-Bonn  — Idaho N*LO —  N3LO of [1] — improved chiral potentials at N®LO, this work —
(MeV) (500) (600) (550/600) R=0.8fm R=09fm R=10fm R=11fm R=12fm
neutron-proton phase shifts
0-100 0.6 1.7 5.2 1.9 0.8 0.7 0.6 0.7 1.4
0-200 0.6 2.2 5.3 2.1 0.8 0.7 0.6 0.8 1.8
0-300 0.6 3.3 6.8 6.0 2.1 1.5 1.8 4.0 10.7
proton-proton phase shifts
0-100 0.5 1.5* 6.7" 8.3 1.8 0.8 0.5 1.2 4.6
0-200 1.3 2.9* 11.7* 14.7 2.1 0.7 0.6 2.2 8.2
0-300 1.3 5.9% 30.0* 75.3 12.0 3.2 7.0 24.5 66.8

*The 'Sy partial wave has not been taken into account as explained in the text.

shifts of the NPWA used as input in our analysis. Specifically, we calculate x?/datum at energies of Ej,, = 1, 5, 10,
25, 50, 100, 150, 200, 250 and 300 MeV employed in the NPWA and also in our fits. Unfortunately, the NPWA [4]]
only provide statistical errors which do not include systematic uncertainties. In order to have a meaningful definition
of x2, we define the uncertainty for a given phase shift (or mixing angle) ¢ in the channel X at a given energy as

A = max (AYPWA, g GNPWA| Il _ GPWA| | gliados _ NPWAY) (132
where 5)N(PWA and AYFWA refer to the phase shift (or mixing angle) in the channel X and the corresponding statistical

error of the NPWA, respectively, while 5)N(”ml, 5)N(1Jm1 and 65°1493 denote the results based on the Nijmegen I, II and
Reid93 NN potentials of Ref. [85]. These phenomenological potentials are constructed using the same database as
employed in the NPWA and have a nearly optimal x?/datum of 1.03. For this reason, they have, in fact, been
suggested as alternative partial wave analyses [85]. While the above definition of uncertainties provides a reasonable
estimation, one should not overinterpret the resulting values for x?/datum calculated based on the NPWA phase
shifts in the way specified above.” In particular, there is no statistical interpretation of the value of x?/datum. We,
nevertheless, still find this approach useful for the sake of a simple comparative analysis of the accuracy of different
NN potentials. We also used the errors defined above in all our fits.

In Table [[IT|we show the x?/datum for the description of the Nijmegen np and pp phase shifts in those channels which
were used in the fit at N3LO, namely S-, P, and D-waves and the mixing angles €; and e;. As a test of our approach,
we first apply it to the CD-Bonn potential of Ref. [81]. The resulting values for x?/datum clearly indicate that this
potential provides a very good description of both the np and pp phase shifts of the NPWA in the whole energy
range. Notice that the CD-Bonn potential was fitted to a considerably larger database as compared to the NPWA.
For the Idaho N®LO potentials of Ref. [2], the x?/datum appears to be somewhat higher, especially for the version
with the cutoff A = 600 MeV. Notice that we did not include the pp 'Sy phase shift when calculated the y?/datum
for the Idaho N3LO potentials. This is because the authors of Ref. [2] employed a more elaborated treatment of IB
corrections as compared to the NPWA. This is especially important for the splitting between the pp and np 'Sy phase
shifts and would result in a very large x?/datum if the pp 'Sy phase would be included. It is interesting to compare
these findings with y?/datum for the reproduction of the real data. The values quoted in Ref. [81] for the CD-Bonn
potential, namely x?/datum = 1.02 for np and x?/datum = 1.01 for pp data below 350 MeV and in Ref. [2] for the
two versions of the Idaho potentials, namely x?/datum = 1.1-1.3 for np and x?/datum = 1.5-2.1 for pp data below
290 MeV, show clearly the same qualitative trend. On the other hand, it is clear that x?/datum employed in our
analysis is a much more sensitive quantity and the values of x2/datum ~ 5 do still correspond to accurate description
of real data.

7 There is no obvious relation between x?/datum for the description of NPWA phase shifts and that for the description of real data. In
particular, our simplistic approach does not take into account the fact that peripheral partial waves are less important for the description
of low-energy observables.
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TABLE IV: x?/datum for the description of the Nijmegen np and pp phase shifts [41] as described in the text at different
orders in the chiral expansion for the cutoff R = 0.9 fm. Only those channels are included which have been used in the N*LO
fits, namely the S-, P- and D-waves and the mixing angles €1 and es.

Elab bin LO NLO N?LO N°LO
neutron-proton phase shifts
0-100 360 31 4.5 0.7
0-200 480 63 21 0.7
proton-proton phase shifts
0-100 5750 102 15 0.8
0-200 9150 560 130 0.7

The results for x2/datum for the improved chiral potential of the present work at different values of the cutoff R are
listed in the last five columns of Table[[TI} Given that the softest cutoff R = 1.2 fm corresponds to the momentum-space
regulator of A ~ 330 MeV, the large values of x?/datum for this cutoff in the whole energy range of Ej,, = 0—300 MeV
simply reflect the feature that the potential is used at energies beyond its applicability range. The same applies, to
a lesser extent, to the cutoff R = 1.1fm which corresponds to the momentum-space cutoff of A ~ 360 MeV. As
expected, decreasing the value of the coordinate-space cutoff R leads to a better description of the phase shifts. The
improvement stops for the hardest considered cutoff of R = 0.8 fm. Notice that the corresponding momentum cutoff
A ~ 500MeV is considerably larger than the one found in Ref. [22], where the TPEP was neglected. Our findings
thus confirm the importance of the two-pion exchange, see also Refs. [73] [9T] for a related discussion. Altogether, the
description of the np and pp phase shifts based on the improved N3LO interactions is excellent for energies below
200 MeV and, for the optimal cutoff choice of R = 0.9fm, even up to Ej,, = 300 MeV.

It is also interesting to compare the reproduction of the Nijmegen phase shifts at different orders in the chiral expansion.
In Table we show the corresponding values of x?/datum for the cutoff R = 0.9 fm. The observed pattern provides
yet another indication that the chiral expansion for the nuclear force converges well, see also Fig. 3] It is especially
comforting to see the improvement when going from NLO to N?LO which is entirely due to the subleading TPEP.
Notice that the number of adjustable parameters is the same at NLO and N2LO. Last but not least, our results seem
to support the validity of Weinberg’s power counting and do not indicate the need for its modification as suggested
e.g. in Refs. [23H25].

V. CUTOFF DEPENDENCE

We now address in some detail the residual cutoff dependence of our results. As explained at the beginning of
section [[TI] the dependence of observables on the cutoff R is not completely removed in our calculations, see however
Ref. [28] for an alternative renormalizable approach. The residual cutoff dependence can be viewed as an estimation
of effects of higher-order contact interactions beyond the truncation level of the potential, see, however, the discussion
in section One, therefore, expects the residual cutoff dependence to reduce when going from LO to NLO/N2LO
and from NLO/N2LO to N3LO/N“LO. On the other hand, the residual cutoff dependence at chiral orders NLO and
N2LO as well as N3LO and N*LO is expected to be of the same size. In Fig. |4l we compare the cutoff dependence of
the S-, P- and D-wave phase shifts and the mixing angles €; and e; at N2LO and N3LO. The cutoff dependence at
N3LO appears to be very weak in all channels used in the fit. In particular, it is considerably weaker than the one
resulting from our N3LO potential [1] where a non-local exponential regulator was employed for the OPEP, TPEP
and the contact interactions. The new regularization scheme described in section [[TI| shows a superior performance at
higher energies and produces only a small amount of artefacts (i.e. the residual cutoff dependence) in the considered
energy range.

To get more insights into the residual cutoff dependence of phase shift § in a given channel, we follow the lines of
Ref. [92] and plot in Fig. [5| the quantity |1 — cotdg, (k)/ cotdr,(k)|, where R; and Ry are two different values of
the cutoff, as function of the cms momentum k. Specifically, we choose Ry = 0.9fm and Re = 1.0fm and restrict
ourselves to the np 'Sy, 3S;, 3Py and 3P, partial waves which may serve as representative examples. First, the
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FIG. 4: Cutoff dependence of of the phase shifts calculated at N?LO (left panel) and N®LO (right panel). Dotted, dashed,
dashed-dotted, solid and dashed-double-dotted lines show the results obtained with the cutoffs R = 1.2fm, R = 1.1fm,
R=1.0fm, R = 0.9fm and R = 0.8 fm, respectively. Only those partial waves are shown which have been used in the fits at
N3LO. Solid dots and open triangles correspond to the results of the NPWA [4I] and the GWU single-energy np partial wave

analysis [89].

resulting error plots demonstrate a very similar cutoff dependence at NLO and N?LO which is to be expected based
on general arguments as discussed above. In addition, one observes that the cutoff dependence reduces significantly in
the whole range of momenta when going from LO to NLO/N2LO and from NLO/N2LO to N®LO/N*LO. Notice that
the appearance of dips in the plots at values of k& where the function 1 — cot dg, (k)/ cot dg, (k) changes its sign has no
significance and should be ignored. Also, the structures seen in the 3S; partial wave for k ~ 90 MeV and k ~ 400 MeV
(1Sp partial wave for k ~ 350...400 MeV) simply reflect the feature that cot(m/2) = 0 (cot(0) = oo) and should be
ignored, too. Concerning the slope of the curves at different orders, the error plots indicate the appearance of two
different regimes: at low momenta well below the pion mass, the slope does not change significantly from order to
order and the curves are nearly horizontal. This is a qualitatively similar pattern to the one reported in Ref. [92]. To
understand this feature, we recall that chiral expansion of the nuclear force is actually a double expansion in powers
of momenta and the pion mass M, see Eq. (2.1). At low momenta, we expect the corrections to be dominated by
powers of M, /A and, therefore, to be nearly independent on momenta. On the other hand, at momenta above the
pion mass, one may expect the corrections to be dominated by powers of k/Aj. The increase of the slope when going
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FIG. 5: Error plots for np scattering in the 'Sy, 3S1, 3P, and P partial waves as explained in the text. Dotted, dashed (color
online: brown), dashed-dotted (color online: blue) and solid (color online: red) lines show the results at LO, NLO, N2L.O and
N3LO, respectively.

from LO to NLO/N?LO and from NLO/N2LO to N3LO can be viewed as a self-consistency check of the calculation
and indicates that the theory is properly renormalized, see Refs. [22] [03] for more details. Finally, we read off from
the plots that the breakdown scale A, at N3LO, i.e. the momenta at which the N3LO curves cross the ones of lower
orders, is about ~ 500 MeV for S-waves and even higher for P-waves. These observations are in line with our previous
findings and, in particular, with the size of the LECs accompanying the corresponding contact interactions which are
listed in Table [Tl We will use A, = 400...600MeV, depending on the cutoff R, in our estimation of the theoretical
uncertainties in section [VIIl

VI. DEUTERON PROPERTIES

We now turn to the deuteron properties. First, as already emphasized in section [[V] we stress that we used the
binding energy By = 2.224575MeV [94] to constrain the fit. While this choice differs from our early work [I], it is
actually the standard procedure for all high-precision phenomenological potentials such as the Nijmegen I, II, Reid93,
CD-Bonn and AV18 one. Also the N3LO potential of Ref. [2] was tuned to reproduce the experimental value of the
deuteron binding energy. We anticipate that relaxing this condition in the fits would have little impact on few-nucleon
observables.

In Table [Vl we collect various deuteron properties at N®LO using different values of the cutoff R in comparison with
the results based on the CD-Bonn [81], N3*LO Idaho (500) [2] and N3LO (550/600) [1] potentials and with empirical
numbers. In all cases with the exception of the N®LO Idaho potential, the deuteron binding energy is calculated
based on relativistic kinematics, see Eq. and Refs. [I BI] for more details. We remind the reader that the
asymptotic S state normalization Ag and the asymptotic D/S state ratio n are observable quantities which can be
extracted from the S-matrix at the deuteron pole by means of analytic continuation, see [I] and references therein.
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TABLE V: Deuteron binding energy Bg, asymptotic S state normalization Ag, asymptotic D/S state ratio n, radius rq and
quadrupole moment @ predicted by various NN potential in comparison with empirical information. Also shown is the D-state
probability Pp. Notice that r4 and Qg4 are calculated without taking into account meson-exchange current contributions and
relativistic corrections.

CD-Bonn, Idaho N*LO N3LO of [I] — improved chiral potentials at N®LO, this work — Empirical
[81] (500), [2] (550/600) R=0.8fm R=09fm R=10fm R=11fm R=12fm
By (MeV) 2.2246* 2.2246* 2.2196 2.2246* 2.2246* 2.2246* 2.2246* 2.2246* 2.224575(9)
As (fm™'/2) 0.8846  0.8843 0.8820 0.8843 0.8845 0.8845 0.8846 0.8846 0.8846(9)
n 0.0256 0.0256 0.0254 0.0255 0.0255 0.0256 0.0256 0.0256 0.0256(4)
rq (fm) 1.966 1.975 1.977 1.970 1.972 1.975 1.979 1.982 1.97535(85)
Q (fm2) 0.270 0.275 0.266 0.268 0.271 0.275 0.279 0.283 0.2859(3)
Pp (%) 4.85 4.51 3.28 3.78 4.19 4.77 5.21 5.58

*The deuteron binding energy has been taken as input in the fit.

The empirical values for these quantities quoted in Table E are taken from Refs. [05] 96]. For the deuteron radius
r4, the quoted value corresponds to the so-called deuteron structure radius which is defined as a square root of the
difference of the deuteron, proton and neutron mean square charge radii and is taken from Ref. [97]. It agrees well
with the earlier result of r4 = 1.971(5) fm reported in Ref. [98]. For the quadrupole moment @, the experimental
value given in Table [V]is from Ref. [99].

Our predictions for Ag, n and r4 are in excellent agreement with the empirical numbers. Notice that our calculation
of r4 and ) does not take into account relativistic and exchange current contributions. For the radius rg, the
corresponding corrections to 73 were estimated in Ref. [I00] to give 0.014fm? while other calculations quote even
smaller numbers. Thus, neglecting these contributions would affect the results for r4 at most at the level of 0.2%
which is below the residual cutoff variation ~ 0.6% for this quantity at N3LO.

For the quadrupole moment, our predictions underestimate the experimental value similarly to what is observed for
other modern phenomenological potentials as well as for the chiral N3LO potentials of Refs. [I, 2]. Notice that the
amount of underestimation is largest for the hardest cutoff R = 0.8fm and reduces strongly for the softest cutoff
R = 1.2fm. We also emphasize that relativistic and meson exchange current corrections, which are not included in
our predictions, were estimated to increase the value of @ by the amount of 0.010 fm? [81] based on the Bonn one-boson
exchange model. This would bring our predictions for the quadrupole moment in agreement with the experimental
value. This conclusion is also fully in line with the results of Ref. [I01], where the contributions from the relativistic
corrections and one-pion exchange two-body charge operator were estimated to be AQ ~ 0.008 fm?, see also Ref. [102]
for a related recent work. Adding this correction to our prediction yields @Q = 0.278...0.291 fm? in agreement with
experiment. The residual cutoff dependence of @) is to be removed by the leading short-range two-body current. Its
required contribution of the order of ~ 2...3% is in agreement with the expected natural size of the corresponding
LEC [101].

It is also instructive to address convergence of the chiral expansion for the deuteron properties by looking at the
predictions at different orders which are listed in Table [VIl Here we restrict ourselves to a single cutoff choice, namely
R = 0.9fm. One observes a good convergence of the chiral expansion for all listed quantities with the exception of
Pp which is well known to be not observable.

Finally, we display in Fig. |§| the deuteron wave functions calculated using the N®*LO potential of the present work
in comparison with those based on the CD-Bonn and the N3LO potentials of Refs. [I, 2]. As a consequence of the
employed regulator, the wave functions based on the improved chiral potentials are free from the oscillatory distortions
observed in the case of the N®LO potentials of Refs. [I, 2] and are in a very good agreement with each other and with
the wave functions of the CD-Bonn potential at distances larger than » ~ 2...3fm. Notice that momentum-space
deuteron wave functions of the N3LO potentials of Refs. [I, 2] show significant deviations from the wave functions
based on the phenomenological potentials at p ~ 400 MeV. These deviations were found in Ref. [I03] to be responsible
for strong distortions in the predicted shape of the neutron-deuteron differential cross section around the minimum
at the energy of En 1ap = 200 MeV. It would be interesting to investigate whether this problem still persists for the
improved chiral potentials. Work along these lines is in progress.
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TABLE VI: Deuteron properties at various orders in the chiral expansion for the cutoff R = 0.9 fm in comparison with empirical
values. For notation see Table [V]

LO NLO N2LO N3LO Empirical
By (MeV) 2.0235 2.1987 2.2311 2.2246* 2.224575(9)
As (fm~1/2) 0.8333 0.8772 0.8865 0.8845 0.8846(9)
7 0.0212 0.0256 0.0256 0.0255 0.0256(4)
rq (fm) 1.990 1.968 1.966 1.972 1.97535(85)
Q (fm?) 0.230 0.273 0.270 0.271 0.2859(3)
Pp (%) 2.54 4.73 4.50 4.19

*The deuteron binding energy has been taken as input in the fit.
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FIG. 6: Deuteron wave functions in coordinate space. Thin (color online: red) dotted, dashed, dashed-dotted, solid and dashed-
double-dotted lines show the results obtained using the N®LO potentials of this work with the cutoffs R = 1.2fm, R = 1.1 fm,
R =1.0fm, R=0.9fm and R = 0.8 fm, respectively. Thick (color online: green) dotted, (color online: light brown) dashed and
(color online: blue) solid lines refer to the wave functions of the Idaho (500) N*LO potential of Ref. [2], the N*L.O (550,/600)
potential of Ref. [I] and the CD-Bonn potential [81].

VII. ESTIMATION OF THE THEORETICAL UNCERTAINTY

We now turn to the discussion of uncertainty quantification in nuclear chiral EFT calculations, see Ref. [93] for a recent
paper on this topic. Here and in what follows, our considerations are restricted to few-nucleon systems, for which
the quantum mechanical A-body problem is assumed to be (numerically) exactly solvable. This certainly applies at
least to systems with A < 4. We will, therefore, not address uncertainties associated with methods for calculating
observables.

There are various sources of uncertainties in nuclear Hamiltonian derived in the framework of chiral EFT which
include, see also Ref. [93]:

1. Systematic uncertainty due to truncation of the chiral expansion at a given order;
2. Uncertainty in the knowledge of 7N LECs which govern the long-range part of the nuclear force;
3. Uncertainty in the determination of LECs accompanying contact interactions;

4. Uncertainties in the experimental data or, in our case, the NPWA used to determine the LECs.
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In addition, results of the calculations are expected to show some sensitivity on the employed regularization framework.
This issue will be addressed at the end of this section. Here and in what follows, we will primarily concentrate on
the first item which, at the curent level of calculations, we believe to be the dominant source of uncertainty. We
anticipate, based on the results reported in Refs. [73H75] [77, [7§], that the impact of the uncertainties in 7N LECs
and, especially in the order-Q? ones, i.e. the c;, on the calculated NN observables might be significant. This issue
should be investigated in a careful and systematic way in the future. A particularly promising approach to determine
the values of the 7N LECs would be to perform a simultaneous investigation of 7N scattering and the reaction
7N — 7N, see Ref. [I04] [105] on the chiral EFT treatment of this process. Such an analysis goes beyond the scope
of this work and is reserved for a future investigation.

The uncertainty in the determination of NN contact interaction is clearly affected by the employed fit procedure such
as, in particular, the choice of energy range and weights adopted in the calculation of 2. Following our early work
of [1], we used fixed ranges in energies to tune the contact interactions as described in section and checked in
each case the stability of our results with respect to their variations. We did not employ additional weights in the
x? to account for the expected increase of the theoretical uncertainty at higher energies, see Ref. [106] for a different
approach. Both of these issues can, in principle, be addressed in a systematic way within a Bayesian framework
[88, [@3]. This topic is postponed for a future study. Finally, statistical uncertainties for the LECs accompanying NN
contact interactions at N2LO were studied in Ref. [77]. Their impact on selected pp and np phase shifts can be found
in Table 5 of that work and appears to be negligibly small compared to the systematic theoretical uncertainty to be
discussed below.

Last but not least, there are uncertainties associated with experimental data or, in our case, with the results of NPWA
used as input in our calculation, see section [[V] for more details. In particular, we emphasize that the data base used
in the NPWA of 1993 has been largely extended since that time. Specifically, the final database below Ej,p = 350 MeV
used in the NPWA involved 1787 pp and 2514 np data. On the other hand, the database used e.g. in the construction
of the CD Bonn potential [81] consists of 2932 pp and 3058 np data. We expect that increasing the experimental
database should have little impact on the resulting phase shifts at the level of the systematic uncertainty of the NPWA
assumed in our work as described in section [[V] For example, as shown in Table [[TI} np and pp phase shifts obtained
using the CD-Bonn potential, which is constructed using the extended database, are in a very good agreement with the
NPWA. Notice, however, that pp and np phase shifts and mixing angles obtained in the recent coarse-grained potential
analysis of NN scattering of Ref. [107] do differ significantly from the ones of the CD Bonn potential and from those
of the NPWA and the Nijmegen I, IT and Reid 93 potentials. This is quite surprising given that this analysis employs
essentially the same pp database as the one used in the construction of the CD-Bonn potential (while the np database
with 3717 data is somewhat larger). Consequently, using the phase shifts and mixing angles reported in that work
results in fairly large values of x?/datum defined in section namely x2/datum = 4...8. Unfortunately, neither
the NPWA [41] nor the coarse grained analysis of Ref. [I07] provide any estimation of the systematic uncertainties so
that the origin and interpretation of these discrepancies remain unclear. We do not include the results of Ref. [107]
in our analysis.

We now address the systematic uncertainty of our calculation due to the truncation of the chiral expansion. To the
order we are working, we expect it to be still the dominant source of the theoretical uncertainty. Unfortunately,
most of the available calculations do not address this source of uncertainty or at best estimate it by means of a
residual cutoff dependence, see e.g. [I] [7, 31] and references therein. Such an approach, however, is well known to
suffer from several deficiencies. First of all, the resulting uncertainty depends on the employed cutoff range and,
therefore, shows some arbitrariness. Secondly, as already pointed out before, the residual cutoff dependence measures
the contributions due to neglected contact interactions which appear only at even orders of the momentum expansion
of the NN Hamiltonian. While the residual cutoff dependence of a given NN observable at LO does indeed measure
the size of NLO corrections, it reflects the sensitivity to the order-Q* (i.e. N3LO) contact interactions at both NLO
(order-Q?) and N2LO (order-Q3). For this reason, the uncertainty at NLO and similarly at N3LO estimated in this
way may be expected to be underestimated. On the other hand, given that the range of the available momentum-
space cutoffs is rather limited from above both for the conceptual and practical [87] reasons, see also the discussion
in section [[TI} one is forced to employ soft cutoffs in order to have a cutoff range sufficient for an estimation of the
theoretical uncertainty. Such a procedure is, however, likely to induce large finite-cutoff artefacts and, therefore, to
unnecessarily overestimate the true theoretical uncertainty.

To illustrate these features, consider the chiral expansion of the np total cross section at the energies of Fj,, = 50, 96,
143 and 200 MeV based on the interactions introduced in the previous sections as shown in Fig.[7] We also show in this
figure by the horizontal band the result of the NPWA with the assumed theoretical uncertainty and the experimental
data of Ref. [108]. The convergence pattern for the total cross section depicted in Fig. [7|shows the general features one
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FIG. 7: Order-by-order convergence of the chiral expansion for the np total cross section at energies of Ej,, = 50 MeV,
Eiap, = 96 MeV and Eiap = 143MeV and Eiap = 200 MeV. Dotted (color online: light brown), dashed (color online: green),
dashed-dotted (color online: blue), solid (color online: red) and dashed-double-dotted (color online: pink) lines show the results
based on the cutoff R = 1.2fm, R = 1.1fm, R = 1.0fm, R = 0.9fm and R = 0.8 fm, respectively. The horizontal band refers
to the result of the NPWA with the uncertainty estimated by means of deviations from the results based on the Nijmegen I, II
and Reid 93 potentials as explained in the text. Also shown are experimental data of Ref. [108].

expects to see in chiral EFT: one observes fast convergence at the lowest energy which becomes increasingly slower at
higher energies. Notice that the large size of higher-order corrections at the energy of Ej,, = 200 MeV relative to the
leading ones is actually due to the NLO contributions being smaller than expected as will be shown below. One also
observes another feature which persists at all energies, namely that the size of the N2LO corrections decreases with
increasing the values of R. Given that the only new ingredient in the potential at N2LO is the subleading TPEP, this
pattern simply reflects that the TPEP is stronger cut off for soft cutoff choices.

The results shown in Fig. [7] provide a good illustration of the above mentioned issues associated with the estimation
of the theoretical uncertainty by means of a cutoff variation. In particular, while the spread in the predictions
does, in general, decrease with the chiral order, it remains nearly the same at NLO and N2LO. Furthermore, at
NLO, it misses (albeit barely) the result of the NPWA which is consistent with the expected underestimation of the
theoretical uncertainty at this order. On the other hand, while the spread in the predictions based on different cutoffs
is roughly consistent with the deviations between the theory and the NPWA result for the lowest energy, it appears
to significantly overestimate the uncertainty of the calculation based on lower (i.e. harder) cutoffs R if one estimates
it via the deviation between the theory and the NPWA results. This behavior at high energy suggests that the spread
between the predictions for different values of R is actually governed by artefacts associated with too soft cutoffs
and does not reflect the true theoretical uncertainty of chiral EFT. We, therefore, conclude that while being a useful
consistency check of the calculation, cutoff variation in the employed range does not provide a reliable approach for
estimating the theoretical uncertainty. As we will show below, estimating the uncertainty via the expected size of
higher-order corrections, as it is common e.g. in the Goldstone boson and single-baryon sectors of chiral perturbation
theory, provides a natural and more reliable approach which, in addition, has an advantage to be applicable at any
fixed value of the cutoff R.

For a given observable X (p), where p is the cms momentum corresponding to the considered energy, the expansion
parameter in chiral EFT is given by

(7.33)

where Ay is the breakdown scale. Based on the results presented in sections [[V] and [V} we will use A, = 600 MeV
for the cutoffs R = 0.8, 0.9 and 1.0fm, A, = 500 MeV for R = 1.1fm and A, = 400 MeV for R = 1.2 to account for
the increasing amount of cutoff artefacts which is reflected by the larger values of x?/datum in Table We have
verified the consistency of the choice A, = 400 MeV for the softest cutoff R = 1.2 fm by making the error plot similar
to the one shown in Fig. We can now confront the expected size of corrections to the np total cross section at
different orders in the chiral expansion with the result of the actual calculations. In particular, for the cutoff choice
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of R =0.9fm, we obtain
Tt0t(50 MeV) = 183.6go — 17.192 (~12) + 0.593 (~3) — 0.204 (~0.8) = 166.8 mb,
010t (96 MeV) = 84.8q0 — 9.702 (~11) + 3203 (~a) — 0.804 (~1.3) = 77.5 mb,
Otot (143 MeV)
010t (200 MeV) = 34.9q0 + 1.0g2 (~g) + 6.703 (~5) + 0.604 (n2.4) = 43.2 mb, (7.34)

= 52.5Q0 — 3.4Q2 (~10) T 5.1@3 (~a) — 0.5Q4 (~1.8) = 53.7 mb,

see also Fig. [7] while for the softest cutoff R = 1.2 fm we find

Tt0t (50 MeV) = 159.4qo + 5.402 (~23) + 0.80s (~g) + 1.604 (~3) = 167.2 mb,
Tt0t(96 MeV) = 60.2qo + 8.7g2 (~17) + 2.40s (~9) + 6.8Q1 (~5) = 78.1 mb,
T10t (143 MeV)

o10t(200 MeV) = 17.2qo +5.3¢2 (~10) T 2.503 (~8) + 13.604 (~6) = 38.6 mb. (7.35)

= 30.8@0 — 7.8@2 (~13) + 2.8@3 (~8) + 11.2@4 (~5) = 52.6 mb,

The expected size of NLO, N2LO and N3LO corrections indicated in the subscripts is estimated as (p/A;)?, (p/As)3
and (p/Ay)?* times the LO result in each particular case. The cms momenta corresponding to the energies of Ej.p, = 50,
96, 143 and 200 MeV are p = 153MeV, p = 212MeV, p = 259 MeV and p = 307 MeV, respectively. Generally, the
estimated size of corrections at various orders appears to be in a reasonable agreement with their actual size. The
N3LO corrections are smaller than expected for R = 0.9fm but turn out to be large for the cutoff R = 1.2fm at
higher energies. We emphasize that it might be too optimistic to expect a convergent expansion at the energies of
Ey., = 143 and 200 MeV for the softest cutoff since the expansion parameter ) in these cases is larger than 0.5. Also
the fact that the LO contribution at the highest energy for R = 1.2fm amounts to less than half of the total result
suggests that this cutoff is not applicable at such an energy. We also observe an interesting feature that the EFT
expansion actually converges faster than expected at low energy when soft cutoffs are employed, see the first line in
Eq. and the left plot in Fig.|7] This behavior becomes even more pronounced at lower energies. In fact, when
reducing the cutoff R, we actually continuously integrate out pion physics, and the resulting theory would gradually
turn into pionless EFT if we would further soften the cutoff. At very low energies with momenta well below the pion
mass, pionless EFT, which correspond to the expansion in p/M,, may actually be more efficient than the expansion
in chiral EFT which is controlled by the parameter M /A;.

Having tested our estimation for the breakdown scale A, in the results for the np total cross section at various
chiral orders, we are now in the position to estimate the theoretical uncertainty of our results at N>LO. To be on

a conservative side, we will ascribe the uncertainty AX N°LO (p) of our N3LO prediction X N°LO (p) for an observable
X (p) via

. Q% x ‘XLO(p) — XN (p)

AXNO() = max (@ x [x0() Q7 X0 - XN

@ x [x¥00) - x| ), (7.30)

where the expansion parameter @ is given by Eq. and the scale A is chosen dependent of the cutoff R as
discussed above. We emphasize that such a simple estimation of the theoretical uncertainty does not provide a
statistical interpretation. This can be improved e.g. by employing a Bayesian framework [88] [93] and performing
marginalization over higher-order corrections. We postpone such an analysis for a future study and will adopt the
simplified treatment introduced above here and in what follows. We will further impose an additional constraint for
the theoretical uncertainties at NLO and N2LO by requiring them to have at least the size of the actual higher-order
contributions. We emphasize that the above way of estimating the uncertainty does not rely on cutoff variation and
can be carried out for any given value of R.

Our results for the np total cross section at various orders in the chiral expansion and for various choices of the cutoff
R are shown in Fig.[8| Notice that at the smallest energy, we observe deviations between our NLO results and the
NPWA which are likely caused by the employed treatment of IB corrections in the 'Sy partial way. In particular, we
chose to determine the LECs Cyg9, Digy and D3, solely from the pp phase shift and adjusted C1¥%, to reproduce
the np scattering length. The splitting between the np and pp 'Sy phase shifts thus comes out as a prediction. It
is therefore not surprising that the results for the np 'Sy phase shifts show some deviations from the NPWA. These
deviations are expected to be largely reduced at next-higher order in the chiral expansion.
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FIG. 8: Predictions for the np total cross section based on the improved chiral NN potentials at NLO (filled squares, color
online: orange), N*LO (solid diamonds, color online: green) and N®*LO (filled triangles, color online: blue) at the energies of
FEiap = 50MeV, Elp, = 96 MeV, Flap = 143MeV and Ejp, = 200 MeV for the different choices of the cutoff: R; = 0.8 fm,
Ro =0.9fm, R = 1.0fm, R4y = 1.1fm, Rs = 1.2fm. Vertical boxes depict the cutoff dependence of the theoretical predictions
at different orders. The horizontal band refers to the result of the NPWA with the uncertainty estimated by means of deviations
from the results based on the Nijmegen I, IT and Reid 93 potentials as explained in the text. Also shown are experimental data
of Ref. [108].

In all cases shown in Fig. [8] the predicted results calculated using different values of the cutoff R agree with each
other within the theoretical uncertainty. It is comforting to see that our procedure for estimating the uncertainty
yields the pattern which is qualitatively similar to the one found based on the y?/datum for the description of the
Nijmegen np and pp phase shifts as shown in Table [[TI} In particular, we see that the most accurate results at the
lowest energy are achieved with the cutoff R = 1.0fm (with the uncertainty for the R = 0.9fm case being of a
comparable size). At higher energies, the cutoff R = 0.9 fm clearly provides the most accurate choice. We also observe
that at the lowest energy, the cutoff variation does considerably underestimate the theoretical uncertainty at NLO
and, to a lesser extent, at N°LO as expected based on the arguments given above. This pattern changes at higher
energies. For example, at Ej., = 200 MeV, the cutoff bands at NLO and N3LO appear to be of the same size as the
estimated uncertainty based on the optimal cutoff R = 0.9 fm. It is actually a combination of two effects which work
against each other which results in a “reasonable” estimation of the NLO and N3LO uncertainties at higher energies
by the cutoff bands: on the one hand, as already mentioned above, cutoff bands measure the impact of the order-Q*
and order-Q° contact interactions and, therefore, underestimate the uncertainty at NLO and N3LO. On the other
hand, at higher energies, cutoff bands get increased due to using softer values of R as it is clearly visible from Fig. [§]
This conclusion is further supported by the N2LO cutoff band which strongly overestimates the estimated uncertainty
in the case of R = 0.9fm. We also learn from Fig. |8 that N2LO results for the total cross section for the cutoffs
of R = 0.9fm and R = 1.0fm have the accuracy which is comparable to N3LO calculations with the softest cutoff
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FIG. 9: Estimated theoretical uncertainty of the np phase shifts at NLO, N?LO and N3LO based on the cutoff of R = 0.9 fm
in comparison with the NPWA [41] (solid dots) and the GWU single-energy np partial wave analysis [89] (open triangles). The
light- (color online: yellow), medium- (color-online: green) and dark- (color-online: blue) shaded bands depict the estimated
theoretical uncertainties at NLO, N2LO and N3LO, as explained in the text. Only those partial waves are shown which have
been used in the fits at N*LO.

R =1.2fm. In summary, we find that the suggested approach for error estimation is more reliable than the standard
procedure by means of cutoff bands and, in addition, has the advantage of being applicable for a fixed value of R.
This allows one to avoid the artificial increase of the theoretical uncertainty due to cutoff artefacts, the issue which
is especially relevant at high energies where the chiral expansion converges slower. The issue with using the cutoff
bands is expected to become particularly important at next-to-next-to-next-to-next-to-leading order (N*LO) in the
chiral expansion. In particular, we expect that the residual cutoff dependence at N*LO will be comparable to that
at N®LO, and that it will significantly overestimate the real N*LO uncertainty at higher energies in a close analogy
to what is observed at N2LO. Last but not least, the ability to carry out independent calculations with quantified
uncertainties also provides a useful consistency check.

Next, we show in Fig. [J] the estimated uncertainty of the S-, P- and D-wave phase shifts and the mixing angles €; and
€2 at NLO, N2LO and N3LO based on R = 0.9fm. The various bands result by adding/subtracting the estimated
theoretical uncertainty, £AJ(Flp) and £Ae(Ep), to/from the results shown in Fig. In a similar way, we also
looked at selected neutron-proton scattering observables at different energies shown in Figs. [IOfI3]  For the lowest
considered energy of Fj,;, = 50 MeV, we show, in addition to the results using R = 0.9 fm, also our predictions for the
softest cutoff choice of R = 1.2fm. While the uncertainty is clearly increased, the results actually still appear to be
rather accurate at this energy. Our results agree with the ones of the NPWA for all considered observables and energies
indicating that the employed way to estimate the uncertainties is quite reliable. Generally, we find that chiral EFT
at N3LO allows for very accurate results at energies below Ela, ~ 100 MeV and still provides accurate description of
the data at energies of the order of Ej,p, ~ 200 MeV. These findings are particularly promising for the ongoing studies
of the three-nucleon force whose contributions to nucleon-deuteron scattering observables are believed to increase at
energies above Ex, 1ap ~ 100 MeV. It would be interesting to perform a similar analysis of nucleon-deuteron scattering
data based on the improved chiral NN potentials in order to see whether accurate predictions are to be expected at
such energies at N3LO. Work along these lines is in progress.

Finally, we emphasize that our results depend little on the specific choice of the regulator function. In order to
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FIG. 10: Estimated theoretical uncertainty of the chiral EFT results for np differential cross section do/dS, vector analyzing
power A, polarization transfer coefficients D and A and spin correlation parameters A, and Ay, at laboratory energy of
Eian = 50MeV. The light- (color online: yellow), medium- (color-online: green) and dark- (color-online: blue) shaded bands
depict the estimated theoretical uncertainties at NLO, N2LO and N3LO, respectively. Open circles refer to the result of the
NPWA. The upper (lower) panel shows the results based on the optimal (softest) cutoff choice of R = 0.9fm (R = 1.2fm).

Data for the cross section are taken from [I09, 110] and for the analyzing power from [TTIHITH].

quantify this dependence, we performed fits using the cutoff R = 1.0 fm but employing different values of the exponent
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FIG. 11: Estimated theoretical uncertainty of the chiral EFT results for np differential cross section do/dS), vector analyzing
power A, polarization transfer coefficients D and A and spin correlation parameters A, and Ay, at laboratory energy of
Eiap, = 96 MeV calculated using on the cutoff of R = 0.9 fm. The light- (color online: yellow), medium- (color-online: green) and
dark- (color-online: blue) shaded bands depict the estimated theoretical uncertainties at NLO, N*LO and N*LO, respectively.
Open circles refer to the result of the NPWA. Data for the cross section are taken from [IT6HII8]. Data for the analyzing power
are at Eiap = 95 MeV and taken from [119].

in Eq. , namely n =5 and n = 7. In Table we show the resulting phase shifts in the 3S; and pp 'Sy, ®Py,
3P, and ?P, partial waves at the energies of 10, 100 and 200 MeV as representative examples. Clearly, the observed
spread in the results is negligibly small compared to the estimated accuracy of our calculations. Furthermore, as
already pointed out in section [[TT} the employed local regularization of the pion-exchange contributions makes the
spectral function regularization obsolet. In particular, phase shifts resulting from fits using different values of the SFR
cutoff A = 1GeV, A = 1.5GeV and A = 2GeV, see the last three columns in Table [VII] are nearly indistinguishable
from each other and from the DR result corresponding to A = oo and shown in the third column of this Table.

VIII. SUMMARY AND CONCLUSIONS

In this paper we have presented a new generation of NN potentials derived in chiral EFT up to N3LO. The new chiral
forces offer a number of substantial improvements as compared to the widely used N*LO potentials of Refs. [I] 2]
introduced a decade ago. First of all, we employ a local regularization scheme for the pion exchange contributions
which, differently to the standard nonlocal regularization applied e.g. in Refs. [II, 2], does not distort the low-energy
analytic structure of the amplitude and, as a consequence, leads to a better description of phase shifts and experimental
data. The employed regulator, by construction, removes the short-range part of the chiral two-pion exchange and thus
makes the additional spectral function regularization used in the potential of Ref. [I] obsolete. This is a particularly
welcome feature given that the expressions for the three-nucleon force at N3LO and N*LO are only available in the
framework of dimensional regularization. Further, in contrast to the earlier studies of Refs. [I] 2], we have taken all
pion-nucleon LECs and especially the subleading LECs ¢; from pion-nucleon scattering without any fine tuning. The
LECs accompanying NN contact interactions were determined by fits to the Nijmegen phase shifts and mixing angles
for five different values of the coordinate-space cutoff R chosen in the range of R = 0.8...1.2fm and appear to be of
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FIG. 12: Estimated theoretical uncertainty of the chiral EFT results for np differential cross section do/dS), vector analyzing
power A, polarization transfer coefficients D and A and spin correlation parameters A,, and Ay, at laboratory energy of
Ein = 143MeV calculated using on the cutoff of R = 0.9fm. The light- (color online: yellow), medium- (color-online:
green) and dark- (color-online: blue) shaded bands depict the estimated theoretical uncertainties at NLO, N2LO and N3LO,
respectively. Open circles refer to the result of the NPWA. Data for the cross section are at Fi,p, = 142.8 MeV and taken from
[120] and for the analyzing power from [121].

natural size in all cases. The new N3LO potentials allow for an excellent description of the Nijmegen np and pp phase
shifts at energies below 200 MeV and, for the cutoff choices of R = 0.9 fm and R = 1.0 fm, even up to Ej,, = 300 MeV.
Furthermore, the deuteron properties are accurately described. Moreover, the deuteron wave functions are free from
distortions at distances larger than r ~ 2...3fm which appear for the N3LO potentials of Refs. [I, 2] due to the
employed form of the regulator. We found that the description of the Nijmegen phase shifts improves substantially
when going from LO to NLO, from NLO to N2LO and from N2LO to N3LO as one expects for a convergent expansion.
It is worth to emphasize in this connection that the short range part of the NLO and N2LO potentials involves the
same set of operators. Our findings therefore provide yet another evidence of the subleading two-pion exchange which
was also observed in earlier studies. As an important consistency check of our approach, we have studied the residual
cutoff dependence of phase shifts at different orders in the chiral expansion. We found, in particular, that the cutoff
dependence is strongly reduced at N3LO compared to N?LO in the whole considered range of energies.

We have also addressed the issue of the uncertainty of our results due to the truncation of the chiral expansion at a
given order. In particular, we have argued that the standard procedure for error estimation based on a cutoff variation
is not reliable and proposed a simple alternative approach by directly estimating the expected size of higher-order
contributions at a given energy. Such a procedure has the advantage of being applicable for any fixed value of the cutoff
so that calculations based on different cutoffs can be used to provide additional consistency checks. Furthermore,
disentangling the error analysis from the cutoff variation allows one to avoid an unnecessary increase of uncertainty
due to softening the interaction. Notice that the versions of the potential corresponding to soft choices of the cutoff
R may still be useful for certain kinds of applications including, in particular, many-body calculations. We have
applied this approach to the total np cross section at several energies and have verified that the results at different
chiral orders and for different values of the cutoff are indeed consistent with each other. We have furthermore used
this method to quantify the theoretical uncertainty in the description of the np phase shifts as well as differential
cross sections and selected polarization observables in np scattering. In particular, we found the N3*LO results for np
scattering to be very accurate at energies below ~ 100 MeV with the corresponding error bands being barely visible
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FIG. 13: Estimated theoretical uncertainty of the chiral EFT results for np differential cross section do/dS), vector analyzing
power A, polarization transfer coefficients D and A and spin correlation parameters A, and Ay, at laboratory energy of
Eia, = 200MeV calculated using on the cutoff of R = 0.9fm. The light- (color online: yellow), medium- (color-online:
green) and dark- (color-online: blue) shaded bands depict the estimated theoretical uncertainties at NLO, N2LO and N3LO,
respectively. Open circles refer to the result of the NPWA. Data for the cross section are at Ei.p = 199 MeV from [122] and at
Eian = 200MeV from [123]. Data for the analyzing power are at Ejan, = 199 MeV from [122].

and still rather accurate at the energy of Ej,;, = 200 MeV. In all considered cases, our results agree with the ones
based on the NPWA within the estimated theoretical accuracy. This gives us additional confidence in the reliability
of the suggested way of quantifying the uncertainty. We have furthermore analyzed the uncertainties associated with
making a specific choice of the functional form of the local regulator and employing the additional spectral function
re§ularization of the TPEP and found them to be negligible at the level of the estimated theoretical accuracy at
N°LO.

The improved chiral potentials introduced in this work should provide an excellent starting point for applications
to few-nucleon systems. In particular, nucleon-deuteron scattering offers a natural testing ground for studying the
details of the three-nucleon force which is subject of extensive research [I6]. The existing calculations based on modern
phenomenological potentials suggest that effects of the three-nucleon force in nucleon-deuteron scattering should be
small at low energy (except for certain observables like the vector analyzing power) but become clearly visible at
intermediate energies of En 1o ~ 70MeV and above. It is encouraging to see that chiral EFT provides a rather
accurate description of NN scattering in this energy range. We expect a similar theoretical accuracy for nucleon-
deuteron scattering observables, but this needs to be verified via explicit calculations. Work along these lines is in
progress. For applications to medium-mass and heavy nuclei based on the continuum methods, the potentials typically
need to be softened by using the renormalization group type techniques such as e.g. the similarity renormalization
group approach, in order to make the many-body problem numerically tractable. It remains to be seen whether the
new NN potentials, which do have a substantial amount of high-momentum components due to the employed local
regulator, can be softened sufficiently without inducing a too large amount of many-body forces.

In addition to the already mentioned applications to few- and many-nucleon systems, this work should be extended
in various directions. First, the calculations should be carried out at next-higher order in the chiral expansion, see
Ref. [90] for a recent work along this line. This would, in particular, provide a nontrivial check for our estimation
of uncertainties at N>LO. Secondly, isospin-breaking effects and the role of the three-pion exchange contributions
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TABLE VII: Selected phase shifts (in degrees) calculated at N*LO using the cutoff of R = 1.0 fm with the theoretical uncertainty
determined according to Eq. in comparison with the results of the NPWA. Also shown are N3LO fits for the same value
of R but a different functional form of the regulator with n = 5 and n = 7, see Eq. , and fits based on the spectral
function regularization with the corresponding cutoff of A = 1GeV, A = 1.5GeV and A = 2GeV.

Lab. energy  NPWA [41] ourresult DR,n=5 DR,n=7 SFR,1.0GeV SFR, 1.5 GeV SFR, 2.0 GeV
proton-proton 'S phase shift

10 MeV 55.23 55.22 £ 0.08 55.22 55.22 55.22 55.22 55.22
100 MeV 24.99 24.98 £+ 0.60 24.98 24.98 24.98 24.98 24.98
200 MeV 6.55 6.56 + 2.2 6.55 6.56 6.56 6.56 6.57
neutron-proton 38, phase shift

10 MeV 102.61 102.61 £ 0.07 102.61 102.61 102.61 102.61 102.61
100 MeV 43.23 43.22 +0.30 43.28 43.20 43.17 43.21 43.22
200 MeV 21.22 21.2+1.4 21.2 21.2 21.2 21.2 21.2
proton-proton 3Py phase shift

10 MeV 3.73 3.75+0.04 3.75 3.75 3.75 3.75 3.75
100 MeV 9.45 9.17+0.30 9.15 9.18 9.18 9.17 9.17
200 MeV —0.37 —-0.14+2.3 -0.1 -0.1 —0.1 -0.1 -0.1
proton-proton 3P; phase shift

10 MeV —2.06 —2.04 +0.01 —2.04 —2.04 —2.04 —2.04 —2.04
100 MeV —13.26 —13.42+0.17 —13.43 —13.41 —13.41 —13.42 —13.42
200 MeV —21.25 —21.2+1.6 —21.2 —21.2 —21.2 —21.2 —21.2
proton-proton 3Py phase shift

10 MeV 0.65 0.65 + 0.01 0.66 0.65 0.65 0.65 0.65
100 MeV 11.01 11.03 £ 0.50 10.97 11.06 11.07 11.05 11.04
200 MeV 15.63 15.6 £ 1.9 15.6 15.5 15.5 15.5 15.6

should be studied in detail. Furthermore, it is important to quantify the uncertainty associated with the values of
the pion-nucleon LECs and investigate the possibility of constraining them from NN or even few-nucleon data in a
systematic way. Last but not least, it would be desirable to employ a more elaborate way of estimating the systematic
theoretical uncertainty which would allow for a statistical interpretation of the errors. Work along these lines is in
progress.
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Appendix A: Scattering amplitude in the partial wave basis

Consider two nucleons moving with momenta p; and ps. We use relativistic kinematics for relating the energy Ej,p
of the two nucleons in the laboratory system to the square of the nucleon momentum p in the cms defined by the
condition p; + p> = 0. As explained in section [lI} the NN potentials constructed in the present work are to be used
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in the Schrodinger equation®

[]’QH/} oMy (A1)

mn mn

where my = my,, my = m, and my = 2m,m,,/(m, + m,) for the pp, nn and np systems, respectively. Here and
in what follows we use for all momenta the notation of e.g. p = |p’|. The relation between E.;, and k? in the above
equation is based on relativistic kinematics and reads:

e Proton—proton case:

1
k‘2 = impElab' (AQ)
e Neutron—neutron case:
1
k2 = imnElab . (A3)

e Neutron—proton case:

k’2 o m?yElab(Elab + an) (A 4)
(mp +mp)? 4+ 2Eom, '

The Lippmann-Schwinger equation for the off-the-energy shell T-matrix corresponding to Eq. (A.1) and projected
onto states with orbital angular momentum [, total spin s and total angular momentum j has the form

T, k) = Vil (0 p) + / dgq® V5l (v, q)
0

TS (q,p; K?) A5
— i zz(qp ) ( )

N
k2 —q2+

with 7 — 0T. In the uncoupled case, [ is conserved. The partial wave projected potential Vlfﬂ (p',p) can be obtained
using the formulae collected in appendix B of Ref. [I]. The relation between the S- and T-matrices is given by

S5 (k) = 6y — imkmnTyd (k, ks k) (A.6)
The phase shifts in the uncoupled cases can be obtained from the S—matrix via
Y —exp (2i0)7) 831 = exp (2i0)7) (A7)

where we have used the notation 5lsj . Throughout, we use the so—called Stapp parametrization [124] of the S—matrix
in the coupled channels (j > 0) defined as

g_ ( S;erl S;zljﬂ ) _ ( cos (2¢) exp (22’(5}{1) isin (2€) exp (16;11 + Z(Sjlil) ) (A8)

Sjliu—l Sjlile isin (2¢) exp (2(5;7_1 + zéji_l) cos (2€) exp (22’(5]1-11)

and is related to another frequently used parametrization due to Blatt and Biedenharn [I125] in terms of § and ¢ via
the following equations:

tan(2e)
tan(2€) ’

sin(2e)
sin(2¢)

i1+ 0501 =0j—1 + 06401, sin(dj_1 — 8j41) = sin(0j_1 — dj41) = (A.9)

For pp scattering, the phase shifts considered in the present work are of the nuclear plus relativistic Coulomb in-
teraction with respect to relativistic Coulomb wave functions, i.e. 6&1, y using the notation of Ref. [4I]. We use

8 For the np system, this equation is correct modulo terms which are proportional to (mp, — my)? which are beyond the accuracy of the
present calculation.
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the method proposed by Vincent and Phatak [126] to calculate the corresponding phase shifts and mixing angles in
momentum space, see also Refs. [T, [36] 8] for a description of this approach.
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