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We analyze the results by chifdiIN models for the two-nucleon system and calculate the predictions for the
nucleon vector analyzing power of elastic nucleon-deutefdd) (scattering Ay, by these models. Our con-
clusion is that aguantitative chiral two-nucleon potential does not resolve e A, puzzle (when only
two-body forces are includéed
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The termA, puzzlerefers to the inability to explain the 3P waves that could improve the predictions fuid A,
nucleon vector analyzing poweA, in elastic nucleon- Huber and Friaf13] found that it is not possible with rea-
deuteron Nd) scattering below 30-MeV laboratory energy sonable changes in tHéN potential to increase thiid A
for the incident nucleon by means of three-body calculationsind at the same time to keep the two-body observables un-
in which only two-nucleon forces are applied. The problemchanged.
showed up as soon as it was possible to conduct three-body Another important observation has been that conventional
continuum calculationgith realistic NN potentialsThe first  three-nucleon force@vhen added to a realistic two-nucleon
such calculation was performed by Stolk and Tjdr in  potentia) change the predictions fo¢d A, only slightly and
1978 using the Reid soft-core potentjidl, and the first cal- do not improve thenj14,6]. Therefore, the general percep-
culations with(a separable representation die Paris po- tion in the community has shifted toward the belief that the
tential[3] were conducted by the Graz-Osaka group in 1987Ay puzzle is the “smoking gun” for new types of three-
[4]; in both cases, thé, predictions showed the character- nucleon force§15-18 or new physicg19].
istic problem. Finally, the “puzzle” became proverbial when  However, very recently, there has been an apparent indi-
rigorous three-nucleon continuum Faddeev calculations uszation that the above conclusion and belief may be prema-
ing realistic forces were started on a large s¢gleOver the  ture. It was reportefi20] that with a two-nucleon force of a
years, many measurements and calculations@fA, were  another type, namely, one that is based upon chiral effective
performed(including thepd reaction that involves the Cou- field theory, theA, puzzle is resolved.
lomb force[6]) which all confirmed that the problem was  In recent years, effective field theory methods have be-
real (see Ref[7] for a review: For energies below 20 MeV, come increasingly popular in nuclear physics. The reason for
Ay is predicted about 30% too small in the angular regionthis development is the need to link conventional nuclear
around a 120° center-of-mass angle where the maximum oghysics methods one way or the other to the underlying
curs. theory of strong interactions: QCD. After quark cluster mod-

There have been many attempts to solve the problemels had only a limited success, it was recognized that the
Already in the very early stages of three-body continuumsymmetries of QCD are more important than the high-energy
calculations, when only schemati¢N potentials were ap- degrees of freedom of QC[uarks and gluonsThe effec-
plied, it was noted that thdld A, predictions depend very tive field theory concept distinguishes between different en-
sensitively on the strength of the inpMtN potential in the ergy scales and assignes appropriate degrees of freedom for
triplet P waves[8,9l—a sensitivity that was confirmed in each scale while observing the overall symmetries. For tra-
later calculations using realistic forcER)]. Based upon this ditional nuclear physics with energies below 1 GeV, the right
experience, Witata and Gd@le [11] showed in 1991 that degrees of freedom are nucleons and pions interacting via a
small changes in thos&éP-wave potentials could remove the force that is controlled bybroken chiral symmetry.
discrepancy. This finding gave rise to systematic investiga- The derivation of the nuclear force from chiral effective
tions of the question of whether the small variations of thefield theory was initiated by Weinbef@1] and pioneered by
low-energy phase shifts of, particularly, those triglatvaves ~ Orddnez and van KolcK22] and van Kolck and co-workers
necessary to explain thed A, are consistent with th&lN  [23,24]. Subsequently, many researchers became interested
data base. While Tornow and co-workét®| suggested that in the subject{25-36G. As a result, efficient methods for
the low-energyN N data may leave some lattitude in tNeN  deriving the nuclear force from chiral Lagrangians emerged

and the quantitative nature of the chifdN potential im-
proved. This trend shows up, in particular, in the excellent
*On leave from University of Salamanca, Spain. Electronic ad-work by Epelbaunet al.[30] where the chiraNN force was

dress: dentem@uidaho.edu constructed using a unitary transformation and applying sys-
"Electronic address: machleid@uidaho.edu tematic power counting in next-to-leading ord&_O) and
*Electronic address: witala@if.uj.edu.pl next-to-NLO; and it is this potential in NLO that was applied
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TABLE I. 'S, np and S, phase shiftgin degrees TABLE Il. Triplet-P np phase shift§in degrees For notation,
see Table I.
Tian (MeV) PWAQZF NLO®  Idahd  CD-Bonrf
s, Tiap (MeV)  PWA9SS NLO ldaho Modified CD-Bonn
1 62.06830) 62.05 62.03 62.09 Py
5 63.638) 63.85 63.52 63.67 1 0.18 0.19 0.18 0.18 0.18
10 59.9611) 60.26 59.80 60.01 5 1.631) 1.67 1.64 1.61 1.61
25 50.9019) 50.92 50.66 50.93 10 3.652) 372 3.69 3.62 3.62
50 40.5429) 39.29 40.27 40.45 25 8.135) 822 819 7.98 8.10
100 26.7838) 21.68 26.87 26.38 50 10.7@9) 10.84 10.63 10.28 10.74
150 16.9441) 7.26 17.56 16.32 100 8.4611) 8.31 8.17 7.91 8.57
200 8.9439) —5.53 9.58 8.31 150 3.6914) 2.52 3.60 3.66 3.72
83, 200 —-1.44(17) —-410 -121 -0.93 —1.55
1 147.74710) 147.70 147.76 147.75 P,
5 118.17821) 118.29 118.20 118.18 1 -0.11 -012 -011 -0.11 —-0.11
10 102.61135) 102.84 102.64 102.62 5 —0.94 —099 -093 -0.94 -0.93
25 80.637) 80.69 80.67 80.63 10 —206 —216 -—2.04 —2.09 —2.04
50 62.7710) 61.74 62.80 62.73 25 —4.88(1) —-503 —-4.82 —498 —481
100 43.23814) 38.65 43.13 43.06 50 -8.25(2) —8.32 —8.22 —-857 —-8.18
150 30.7214) 21.67 30.41 30.47 100 —13.24(3) —12.66 —13.36 —13.86 —13.23
200 21.2215) 7.20 20.90 20.95 150 —17.46(5) —15.94 —-1759 -1785 —17.51
200 —21.30(7) —18.86 —21.28 —21.18 —21.38
aNijmegen multienergynp analysis[37]. Numbers in parentheses 3p,
givg the uncertaintigs in the last digits. . 1 0.02 0.02 0.02 0.02 0.02
Chlrallnext-to-lead.lng ordefNL.O) potential by Epelbaunet al. 5 0.25 0.24 0.26 0.28 0.26
[30] using a Gaussian cutoff with cutoff mads=600 MeV.
‘Chiral NN potential by Entem and Machlei@#0] (“Idaho-B” is 10 0.71 0.70 0.72 0.78 0.72
used. 25 2.561) 289 258 2.78 2.60
dReferencd39]. 50 5.892) 8.29 5.86 6.29 5.93
100 10.943) 22.61 10.77 11.24 11.01
. . . . . 150 13.844) 35.98 13.72 13.82 13.98
in Ref. [20], resulting—seemingly—in a resolution of the ., 15.465) 4431 1558 1533 15.66

long-standingA, puzzle. It is the purpose of this note to

critically investigate the predictions by the chifdN model  2Uncertainties smaller than 0.005° are not shown.

and the implications for théld A, puzzle. bModified version of the Idaho potential with enhanced spin-orbit
We start our investigation by taking a close look at im- force at low energies.

portant phase shifts of two-nucleon scattering. In Table I, we

list Swave phase shifts and, in Table Il, we shd®R-wave differences are more drastic: the NLO value at 10 MeV is

phase shifts for energies between 1 and 200 MeV. Since thghout 5% smaller and the one at 25 MeV is 3% smaller than

charge dependence of theN interaction is not a crucial the PWA93 value. Finally, the NLO prediction fdP, at 25

factor in theA, puzzle[12], and since the present chifdN MeV is enhanced by 13%.

potentials are all charge independent and adjusted to the To understand how variations of tHé@ phase shifts may

neutron-proton ifp) data, we considenp phase shifts and effect observables, we consider the spin-orbit phase-shift

np data. combination
It is of interest to compare the phase shifts produced by
the chiral NLO model by Epelbauet al.[30] (which is the ALs=5(—263p—383p+ 563p) (1)
1 ]

chiral potential applied in Ref20]) with the empirical ones

from the Nijmegen multienergyp analysis[37] (PWA93)

and the predictions by one representative of the family of thavhich is a measure for the strength of the spin-orbit force.

high-precision potentials constructed in the 1960B-Bonn  Results are shown in Table Ill. At 10 MeV, one obtains

[38,39). In S waves (Table ), there is, generally, good A[%/%=0.203° andA}s°=0.212° for PWA93 and NLO,

agreement up to 50 MeV. Above 50 MeV, differences be- respectlvely, implying that the NLO value is larger by 4.4%

tween NLO and PWA93 show up and increase with energyas compared to the PWA93 value. At 25 MeV, the corre-

However, since thé waves are not very important fddd  sponding figures ard [ e/%=0.93° andA}M:°=1.09°,

Ay, this may not have much impact on the predictions.  plying that the NLO model is 17% Iarger These numbers
We turn now to the tripleRP waves(Table 1)) which are  show that the spin-orbit force of the NLO model is enhanced

crucial forNd A, and focus first, on the energy range be-as compared to the Nijmegen analysis, and similar enhance-

low 30 MeV. The NLO®P,, phase shifts are about 2% larger ments are obtained when comparing to any of the high-

than the PWA93 shifts, which is not significant. Ft?;, the  precision potentials, like the CD-Boraf. Table Ill) poten-
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TABLE Ill. Spin-orbit phase shift combinatiof, g (in degreel oo6F " T " " T T 4
[Eg. (1)] at 10, 25, and 50 MeV for various models explained in | 3 MeV Py
Tables | and II. ?,"\:\
J0.04 - 4 \ .
Tuo (MeV) PWA93 NLO Idaho Modified CD-Bonn < 7 Y
L 47 \. -
10 0.203 0212 0.195  0.244 0.207 n e \\.\ ]
25 0.93 1.09 092 1.07 0.94 ol L
50 2.73 3.73 273 3.05 2.73 0 30 60 90 120 150 180
O e S e T
I )
tial. It is well known that the two-nucleon spin-orbit force is 015 |- 10 MeV 8 .
magnified in theNd system. Therefore, a moderate enhance- s [ }(fl-'/\";jl
ment of theNN LS potential leads to a substantial enlarge- < O1f d % 7
ment of theNd A, . Thus the enhanced NLO spin-orbit force I § ‘Q‘@‘
as reflected in the larger values #f° could very well be 005 w,,.»"‘ Ny ]
the explanation of the larghd A, predictions by NLO re- gl = 1 o1 .3 ¢
ported in Ref[20]. 0 30 60 9 120 150 180
Next, we consider théP phase shifts above 30 MeV. L
Here the differences between PWA93 and CD-Bonn, on the 025 T pp™¥%, M'
one hand, and the NLO model, on the other, are in general Y4 k- I &3
larger and increase with energgf. Table Il). This trend is > % ﬁ .
most dramatic in°P, where the discrepancies quickly grow <025t ‘-\45# / .
into hundreds of standard deviations. The sign of these dif- 05 B o & |
ferences are such as to drastically enhance the spin-orbit 165 MeV Ny ]
force, see Table IlI for the value at 50 MeV. Note that the fgs ——Ta—t Lol

0 30 60 9 120 150 180

NN tmatrix, on- and off-shell, is input to the three-body 0 [deg]

continuum calculations. Thus the description of the two-
nucleon data at energies above 30 MeV has an impact on FIG. 1. Nucleon analyzing powe, for elasticNd scattering at

low-energy three-body predictions. Therefore, the unrealistiy 15 and 65 Mev. The shaded band represents the predictions by
cally strong NLO spin-orbit force above 30 MeV may—by he high-precision potentials CD-Boiag], ArgonneV; [42], and
means of an off-shell effect—further enhance W@ A, pre-  ihe Nijmegen potentials Nijm-I, Nijm-II, and Nijm9pt1] (always
dictions. However, one may not have much confidence insing thenp versions of these potentialsThe dashed line is the
this type of off-shell effect. prediction by the Idaho chiraliN potential[40]. The dotted curve
The above observations trigger the question of whethefepresents the result from the “modified” chiral potentiate the
chiral models can also make more accurate predictions foext) and the dash-dotted line is predicted by the NLO chiral poten-
NN phase shifts; and if so, what the implications for tid tial by Epelbaunet al.[30]. Data at 3 MeV are from Ref45] (nd,
A, problem, are in such a case. The natural way is to includequare} those at 10 MeV from Ref47] (nd, squarek and those
higher-order terms in power counting which should improveat 65 MeV from Refs[49] (nd, squaresand[50] (pd, crossek

not only the quality of theNN phase shift reproduction but row band made up from the variations among those high-

also extend the energy range in which it works. For thatprecision potentials. In conclusion, at 3 and 10 MeV, we

purpose, we pick up the chirdN potential of Ref.[40] : : 1 o
(subsequently denoted by “Idahpthat was recently devel- tri]\zli(\a/?)r?g.A y problem if the chiraNN potential is aquantita
oped. In the chiral Idaho modéHQ], contact terms up to We note that, very recently, the Bochuiilidh group has
order 4 are included which introduces more parameters aLappIied their next-to-next-to-leading ord¢NNLO) two-
lowing for a better fit of the lower partial waves in a much pnycleon potential to thed A, problem[43]. The result is
wider energy range. In Tables | and II, it is clearly seen that/ery similar to ourgwith the NNLO Idaho potentia) and in
the chiral IdahoNN potential reproduces the empiricap  close agreement with the predictions from conventidvihl
phase shifts of the PWA93 analysis up to 200 MeV, accupotentials. Or, in other words, at NNL@here the reproduc-

rately. tion of the two-nucleon data is better than at NLi{Be Ay
We now consider the observathed A, which is the focus  problem is back.
of this paper. We have calculated the predictionsNar A, The evidence presented may be perceived as a convincing

at energies 3, 10, and 65 MeV for the incident nucleon. Theroof that aquantitativechiral potential does not resolve the
results are shown in Fig. 1. In this figure, the shaded bandld A, puzzle. However, there remains one objection that
represents the prediction by the family of high-precision po-can be raised. In the literature, notably in Réf2], one can
tentials (using always thenp version of those models find the suggestion that thtéP waves at low energy are not
namely, CD-Bonrj39], ArgonneV,5[42], and the Nijmegen as well determined as claimed in the PWA93 anal{3#. If
potentials Nijm-I, Nijm-1I, and Nijm9341]. The dashed line true, then moderate variations of ti® phase shifts at low

is the predicition by the Idaho chir&IN potential[40] and it  energy could be consistent with the low-enefgyN data.

is clearly seen that this prediction follows accurately the nar-This variations could be such as to enhance the low-energy
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TABLE IV. y?/datum for the reproduction of the 1999 data- S B B NS B
base[44] up to T;z;=210 MeV by various models explained in 0.02 = 3 MeV /é"\ 7
Tables | and II. P A

o OF _— r =
. o a T e f

Bin No. of data PWA93 NLO Idaho Modified CD-Bonn B L & s i
(MeV) L '.‘ i
0-8 81 105 1.05 103 132 1.06 0 ST
8-17 192 0.86 1.22 0.85 1.87 0.91 0 30 60 90 120 150 180
17-35 292 0.82 215 0.81 1.27 0.81 0.1 I B 'ﬁ‘l T
35-75 340 1.03 108 1.09 1.24 1.01 005 10MeV % ]
75-125 239 1.00 116 0.99 1.06 0.97 F I ,o' &
125-183 414 1.06 957 107 1.15 1.03 S G N ™
183-210 141 0.96 111.7 097 1.18 1.01 = 005 - \\ f i

+ 1
0-210 1699 097 37.0 0.98 1.27 0.97 0.1 ‘1‘} -

E o 1 1 | R | 1 e

0 30 60 90 120 150 180
spin-orbit force and, thus, lead to an improved prediction for S N Vi
Nd A, . For the purpose of seriously checking out this pos- 015 F 65 MeV f N\
sibility, we have constructed a variation of the Idaho chiral s 0 :---r"."-“\f i A\
potential with modified®P phase shifts at low energy. The H‘\'-ms L \ | N
column “Modified” of Table Il shows the®P phase shifts, 03 F by Y ]
and the corresponding column of Table IIl reveals that for 045 N I/ ]
this fit the spin-orbit force is enhanced, similarly to the NLO P SRR A
model. However, in contrast to the NLO model, the modified T0 30 60 90 120 150 180
model is much more realistic, since the phase shifts do not 0 [deg]

diverge to unrealistic values at higher energies.

003 1T T
L 3 MeV
ﬁ\'.
_ 002 P B
— ..I \
F o/ - )
oy o/ .
0.01 |- 4 -
'd"./
gt :
0 o P A
0 30 60 90 120 150 180
. I T T T
110 Mev ’,"\:
0.06 |- /¥ -
o [ Y
= 00 IS
. p— .I \'
0.02 -— Y, ‘9\\ —-
0k — 0“5.-,%‘ N
[T B B ]
0 30 60 90 120 150 180
03 1 T 1
0.15F te, If ‘t .
L~ e 4 AN
— 0F \\‘ l’ B
— L \ ‘ p
,,H_‘ -0.15 ‘Q‘ J —_
03+ \ ,/' -
b 65 MeV ’\t +,’
045 - [ L. 1 7
0 30 60 90 120 150 180
0 [deg]

FIG. 2. Deuteron vector analyzing powgr, for elasticNd / s
scattering. Energies, bands, and curves as in Fig. 1. The circles afd theNd A, puzzle. Since it is well known that the off-shell

pd data at 3 MeV from Ref46], at 10 MeV from Ref[48], and at
65 MeV from Ref.[52].

FIG. 3. Tensor analyzing powér,, for elasticNd scattering.
Energies, bands, and curves as in Fig. 1. The circlepdreata at
3 MeV from Ref.[46], at 10 MeV from Ref[48], and at 65 MeV
from Ref.[52].

We have calculated thid A as predicted by the modi-
fied chiral model and find, indeed, a considerable improve-
ment(see dotted curve in Fig.)lls this the resolution of the
A, puzzle by a chiraNN potential? To answer this question
one needs to know if the modified chiral model is a realistic
and quantitativé\ N potential. A precise and reliable answer
cannot be given by just looking at phase shifts. As stressed
repeatedly by the Nijmegen group in the past, only a direct
confrontation with theN N data can reveal if aN N potential
is quantitative or not. For that reason we have calculated the
x2/datum for the fit of the worlchp data as represented by
the 1999 databad@4]; see Table IV. For a proper interpre-
tation of the results of Table IV, it is necessary to establish a
standard concerning what’/datum represents a “quantita-
tive” reproduction of the data. This issue was debated a great
deal in the 1990s, and the consensus that emerged was that
only values below 1.1 are acceptable. Deliberately, we lose
this standard and consider a fit wig¥/datum<1.2 as quan-
titative, while we will perceive higher values as not accept-
able.

Applying this standard, the modified model produces un-
acceptable values for?/datum for all energy intervals below
75 MeV (cf. Table IV). Thus the modified chiral model it
a quantitative one and, consequently, in the resolution

character of theNN potential plays essentially no role in
three-nucleon scattering, one can further draw the more gen-
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[ 3MeV [ o\ *
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001 - ., \ = %, F
H ..c J .‘\ i \\. o/
[ ) '\) 1 003 | 3 MeV \ew/ -
0K N / (Y — | U IR Il M
| e v’_ 0 30 60 90 120 150 180
0.01 L= 1 1 1 L. = {. T rrT ,'/
0 30 60 90 120 150 180 ~, H
0.1 T T T T T N-Om i e /]
[ 0 B N
A -0.06 | \ E
0.05 10 MeV l"‘}‘ ] I ‘1‘ ",
— r Y 000 |- 10 MeV v,/ 4
FN 0 =—=~< < i )\ . [ | P A/
e f f‘—/ 0 30 60 9 120 150 180
3 \\\o. ’, 1 0 \\i T T T LI
< - — N /
0.05 [ \\o.::/'l il 0\!\{ , ”,l ]
oqlb—r v Q R #3 4
0 30 60 90 120 150 180 = o2} f tHh ,4 -
v ™ T T T [ 65 M b H
____+ 03k eV v
0F "1, A
‘\+ {l( | "- 0 30 60 90 120 150 180
DY
- 01k \ [ 1 A 0 [deg]
HN % + { “* / . . .
\\ / N/ FIG. 5. Tensor analyzing powéF,, for elasticNd scattering.
02165 MeV ‘*i,’ VW Energies, bands, and curves as in Fig. 1. The circlepdreata at
| | | | | 3 MeV from Ref.[46], at 10 MeV from Ref[48], and at 65 MeV
0 30 60 9 120 150 180 from Ref.[52].
0 [deg]

data in the minimum region as compared to conventional

FIG. 4. Tensor analyzing powél,, for elasticNd scattering.
Energies, bands, and curves as in Fig. 1. The circlepdrata: at
3 MeV from Ref.[46], at 10 MeV from Ref[48], and at 65 MeV
from Ref.[52].

eral conclusion: No model that reproduces M data cor-
rectly can solve thaNd A, puzzle.

Table IV shows also thea?/datum of the other models
discussed in this paper. It is seen that PWA93, Idaho, and
CD-Bonn models reproduce thep data below 210 MeV
with the perfecty?/datum=0.97 and 0.98. The chiral NLO
potential by Epelbaunet al. [30] producesy?/datum=37
which is grossly unacceptable. In fact, only for the interval
0-8 MeV is NLO acceptable. This range of validity is so tiny
that no serious implications can be drawn from any predic-
tion by this potential.

Finally, we also like to take this opportunity to present an
overview of other interestindNd observables, which are
shown in Figs. 2—8. Concerning the deuteron vector analyz-
ing power,iT,;, at 3 and 10 Me\(Fig. 2), it should be noted
that a seemingly drastic reduction of the discrepancy be-
tween theory angd data seen at 3 MeV has its origin in
large effects of the long-range Coulomb force acting between
two protons, which is not taken into account in our calcula-
tions [6]. Taking this Coulomb force into accounfl ;; is
also underpredicted in the peak regi@}—an equally well-
known problem, which is why it would be appropriate to
speak more generally of the vector analyzing power puzzle
in elasticNd scattering. In almost all cases, the Idaho chiral

= 075
)

0.75
0.5
<0.25

-0.25
-0.5

09 F

0.6

0.45

10 MeV

potentials. But, apart from this, the quantitative chikaN
model containing contributions of higher orders in power
counting does not produce any new signatures.

In summary, our main conclusions are thajuantitative
chiral two-nucleon potential does not resolve tNel
puzzle on the two-body force level, and low-ener§y; NN

\,
e
1

60 90 120 150 180

-0.2

-0.8

N
\, /
*" 1
1 - R

30

60 90 120 150 180

0 [deg]

NN potential follows the trend of the high-precision poten-  FIG. 6. Spin transfer coefficients K§' , andKX for elastic

tials. The only exceptions afk,, andT,; at 65 MeV, where  Nd scattering at 10 MeV. Bands and curves as in Fig. 1. The circles
the chiral potential predictions describe slightly better thearepd data from Ref[48].
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FIG. 8. Neutron-deuteron breakup cross sections for the space-
FIG. 7. Differential cross sectiodo/d() of elasticNd scatter-  star and quasifree-scatteritQFS configurations at 13 MeV along
ing. Energies, bands, and curves as in Fig. 1. The crossesdare the kinematical locu$. Bands and curves as in Fig. 1. The circles
data at 3 MeV from Refl51], at 10 MeV from Ref[48], and at 65 are pd data from Ref[53]. The crosses and squares arm data
MeV from Ref.[50]. The circles at 65 MeV arad data from Ref.  from Refs.[54] and[55], respectively.
[49].

phase shifts that “solve” thé\d A, puzzle are inconsistent At next-to-leading order iryPT, there are no 3NF contri-
with the low-energyNN data. Finally, as a consequence of butions. So, a calculation with a NLO two-nucleon potential
the above two points, one may expect that quantitative  and no 3NF term seems to have a formal validity. However,
two-nucleon force—no matter what the basis is, pure phesjnce at NLO theNN data can only be reproduced for,y,
nomenology, meson theory, chiral EFT, or anything—will<g ey, such a calculation is doomed to be inconclusive,

ever solve the Nd ppuzzle . . . from the outset, and higher-order terms must be taken into
An accurateN N model requires to take chiral perturbation account for any meaningful calculation

theory (yPT) to order 4 in small momenta. At this order, also
many three-body force@NF) occur. According to the basic
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