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Do phase-shift analyses and nucleon-nucleon potential models yield the wrong3Pj phase shifts
at low energies?
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The 4PJ waves in nucleon-deuteron scattering were analyzed using proton-deuteron and neutron-deuteron
data atEN53 MeV. New sets of nucleon-nucleon3Pj phase shifts were obtained that may lead to a better
understanding of the long-standingAy(u) puzzle in nucleon-deuteron elastic scattering. However, these sets of
3Pj phase shifts are quite different from the ones determined from both global phase-shift analyses of nucleon-
nucleon data and nucleon-nucleon potential models.@S0556-2813~98!02202-X#

PACS number~s!: 25.10.1s, 13.75.Cs, 24.70.1s, 25.40.Cm
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I. INTRODUCTION

Since its discovery some ten years ago, the neutr
deuteron (n-d) analyzing powerAy(u) puzzle @1# remains
the most elusive problem in low-energy three-nucleon~3N)
elastic scattering. Although several groups@1–4# have per-
formed extensive studies with modern nucleon-nucle
(NN) potential models, including various types of thre
nucleon forces~3NF!, it turned out to be impossible to ac
count for the 25–30 % discrepancy between rigorous 3N cal-
culations and experimental data@see Fig. 1~a!, short dash and
solid curve in comparison to experimental data#. At the
present time, it is not clear whether the problem is caused
on-shell or/and off-shell deficiencies in the underlyingNN
potentials used in the calculations or by some other yet
known phenomenon. Sensitivity studies@5–7# have clearly
shown thatAy(u) in n-d elastic scattering is governed by
complicated interplay between the3P0, 3P1, and 3P2 NN
interactions. As has been established more than forty y
ago, these interactions are also responsible for theNN ana-
lyzing powerAy(u) @8#. However, then-d Ay(u) is a factor
of 10 larger than then-p Ay(u), thus providing a greatly
enhanced sensitivity to the3Pj NN interactions. It should
also be noted that thep-p Ay(u) is governed by the Coulomb
interaction. In fact, the proton-deuteron (p-d) Ay(u) is two
orders of magnitude larger than thep-p Ay(u). Therefore,n-
d and p-d data may provide a magnifying glass for dete
mining the 3Pj NN interactions.

Witała and Glo¨ckle @5# studied the on-shell aspect of th
Ay(u) puzzle. They found a combination of3Pj NN inter-
actions that describes both then-d andNN Ay(u) and cross-
sections(u) data. In addition, thep-d Ay(u) data are also
well described, although the calculations did not include
Coulomb interaction. The small difference in the absol
magnitude between then-d andp-d Ay(u) data@9# was in-
terpreted as charge-symmetry breaking~CSB! in the 3Pj NN
570556-2813/98/57~2!/555~7!/$15.00
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interactions. However, the3Pj interactions obtained by
Witała and Glo¨ckle exhibit a large breaking of charge ind
pendence and charge symmetry. In addition, the sign of
charge-independence breaking~CIB! and CSB is inconsis-
tent with theoretical expectations based on the mes
exchange theory of theNN interaction.

After more than thirty years of intensive work the 3N
scattering problem is now solvable with the Coulomb int
action taken into account in a rigorous way@10#. Unfortu-
nately, the solution of the charged 3N scattering problem is
currently restricted to energies below the deuteron brea
threshold~i.e.,Ep5 3.3 MeV for p-d scattering andEd5 6.6
MeV for d-p scattering!. Nevertheless, this new develop
ment not only has the potential of solving theAy(u) puzzle,
but it has provided already some important additional inf
mation. First, it confirmed speculations that anAy(u) puzzle
exists also forp-d elastic scattering@3# ~a 20 standard devia
tion effect!!. Second, it showed that a similiar problem exis
for iT11(u) in dW -p scattering@11#. Third, the small difference
betweenn-d andp-d at the maximum of theAy(u) angular
distribution is not due to CSB as previously assumed
Witała and Glo¨ckle @5#, Takemiya@12#, and Soldiet al. @13#
but is largely caused by the Coulomb interaction@14#, as was
argued already earlier by Tornowet al. @9#.

II. 4PJ-WAVES ANALYSIS IN NUCLEON-DEUTERON
SCATTERING

As has been shown by the Bochum-Cracow group@15#, a
strong correlation exists between then-d 4PJ and theNN
3Pj phase shifts. A change of the3P0 NN interaction in-
duced by multiplying its momentum space matrix element
a factorl0 influences4P1/2, and similar relations exist for
the (3P1 ,4P3/2) and (3P2 ,4P5/2) pairs. Although such rela-
tions cannot be calculated at the present time forp-d scat-
tering, we expect very similar relations to exist between
555 © 1998 The American Physical Society
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4PJ p-d phase shifts and the3Pj NN interactions. Following
the Bochum-Cracow approach we found that the only ot
n-d phase-shift parameter that is influenced by modificati
of the 3P0 force component and simultaneously has an eff

FIG. 1. Comparison ofn-d Ay(u) data to rigorous calculation
and phase-shift predictions. In panels~a!–~d! the Ay(u) data~from
Ref. @27# at En53.0 MeV and from@6# at En5 5.0, 6.5, and 8.5
MeV! are compared to calculations~solid curve! using the AV18
potential@18,19#. The dashed curves were obtained using our mo
fied 4P1/2, 4P3/2, 4P5/2, e3/22 , ande1/22 phase-shift parameters a
described in the text. The dash-dotted curve in~a! was calculated
from a version of AV18 where the3Pj NN interactions were modi-
fied to produce phase shifts of 0.97633P0, 0.91233P1, and 1.16
33P2, where 3Pj are the original phase shifts associated with
AV18 NN potential.
r
s
t

on the description ofAy(u), iT11(u), T20(u), T21(u), and
T22(u) is the 2P1/2-

4P1/2 mixing parametere1/22 . The mag-
nitude ofe1/22 increases by strengthening the3P0 NN force.
Similarily, changes of the3P1 or 3P2- 3F2 interactions affect
only the 2P3/2-

4P3/2 mixing parametere3/22 significantly,
which in turn influences the description ofAy(u) and
iT11(u).

For p-d andd-p scattering complete data sets exist for t
observabless(u), Ay(u), iT11(u), T20(u), T21(u), and
T22(u) at Ep5 3.0 MeV, Ed5 6.0 MeV (Ec.m.5 2.0 MeV!
@16,17#. Starting from the Pisa phase-shift calculations@3# at
Ec.m.5 2.0 MeV based on the Argonne AV18NN potential
@18# 1 Urbana 3NF@19#, results of a phase-shift search we
published in Ref.@11#. In this work the high-accuracy data o
the Kyushu group@17# are described withx2 per datum of
about 1. In Table I we give the results for the parameters
interest. Surprisingly, the modifications required byp-d
phase-shift analyses to remove the 30%Ay(u) and iT11(u)
discrepancies are fairly small. The largest changes are fo
in the mixing parametere3/22 ~10% increase! and in the
4P1/2 phase shift~2.5% reduction!. The changes in4P3/2 and
4P5/2 are less than 1%.

III. THREE-NUCLEON FORCES

It is important to point out that theN-d parameters dis-
cussed so far correspond to peripheral waves at the ene
considered in the present work. Therefore, at a first glan
one would not resort to three-nucleon forces~3NFs! as a
mean to fix theAy(u) puzzle, because 3NFs are of short
range than two-nucleon forces. Nevertheless, present
3NFs cause small changes in these phase-shift parame
However, they do not resolve theAy(u) puzzle@1–4#. The
2p-exchange Tucson-Melbourne@20# and Brazil@21# 3NFs
lower the calculatedAy(u) slightly @1,2#, i.e., the discrep-
ancy between data and calculations is increased. The s
statement holds for the effective 3NF obtained in a tw
baryon coupled-channel potential approach which allows
D-isobar excitation@4#. Only the Urbana 3NF gives a sma
increase@3# in the calculatedAy(u) @see Fig. 1~a!, short dash
and solid curve#.

Due to the rather small changes needed to solve theAy(u)
puzzle, we present in Table II the average values of the th
4PJ phase shifts, their splittings, and the mixing paramet
e1/22 ande3/22 as calculated from theNN potential models
AV14 @22# and AV18 with and without 3NFs. For compar
son, the last row of Table II represents the phase-shift an

i-

TABLE I. The p-d phase-shift analysis results~fourth column!
of Ref. @11# at Ep53 MeV are transformed ton-d results ~last
column! using the ratio obtained from the theoretical calculatio
for p-d ~second column! andn-d ~third column! scattering atEN53
MeV @11#.

Parameter AV1813NF PSA

p-d n-d p-d n-d
4P1/2 22.3 24.5 21.77 23.9
4P3/2 24.2 26.0 24.30 26.1
4P5/2 24.1 26.3 24.26 26.4
e1/22 5.83 6.82 5.70 6.67
e3/22 22.23 22.66 22.46 22.91
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sis results of Ref.@11#. Let us compare AV14 and AV18
first. The AV14 potential underestimates the magnitude
the experimentalAy(u) data in N-d scattering by about a
factor of 2. The discrepancy is drastically reduced in the c
of the AV18 potential. This improvement is due to th
smaller value obtained with AV18 for the4P1/2 phase shift
~22.1° as opposed to 22.8° with AV14 forp-d), which re-
sults in larger4P3/2-

4P1/2 and 4P5/2-
4P1/2 splittings @3#. As

stated earlier, smaller values for the4P1/2 phase shift are
supported by phase-shift analyses. When the Tucs
Melbourne, Brazil~BR!, or Urbana~UR! 3NFs are included
in the Hamiltonian of the three-nucleon system, all three c
culated 4PJ phase shifts increase slightly, resulting in a r
duced splitting. As has been well known, increases of4P1/2
and 4P5/2 affect the calculatedAy(u) in opposite ways: an
increase in4P1/2 lowers the magnitude ofAy(u) while an
increase of4P5/2 yields largerAy(u) values. For the Tucson
Melbourne 3NF the increase in4P1/2 is not completely can-
celed by the associated increase in the4P5/2 phase shift, thus
resulting in a slightly smaller overallAy(u). For the Brazil
and Urbana 3NFs the situation is reversed. Here, the ov
effect gives a small increase in the calculatedAy(u). The
Urbana 3NF contains a short-range repulsive term~without
any spin and isospin dependence!. In order to check on the
importance of such a term for the description ofAy(u), we
turned this term off and found basically no increase in
splittings of interest. The magnitude of the mixing param
e3/22 increased slightly, and the4P5/2-

4P3/2 splitting de-
creased, but overall the description ofAy(u) did not im-
prove. This sensitivity test is denoted in Table II with AV1
1 UR* .

Summarizing, 3NFs have some influence on the in
vidual phase shifts of interest, but, due to cancellations,
overall influence onAy(u) andiT11(u) is rather small. How-
ever, the present 3NF studies do not rule out the possib
that new forms of 3NFs, for example, the one proposed
Ref. @23# may eventually explain theAy(u) puzzle. Crucial
for any new form of 3NFs must be a feature that affects
4PJ 3N phase shifts in a different way as do present-d
3NFs, i.e., the4P1/2 phase shift must be reduced and n
increased. Furthermore, restricting our comments to sca
ing, one has to keep in mind that any 3NF is allowed to
appreciably only on very specific 3N observables, otherwis
the good agreement found between a large body ofNN pre-
dictions and 3N observables would be destroyed@24#. In
addition, one should keep in mind that there is strong exp
mental evidence that their influence must decrease with
creasing energy in the case ofAy(u), a condition which ap-
pears quite puzzling, too. AtEp 5 650 keV the calculated

TABLE II. Calculatedp-d phase-shift parameters in comparis
with the phase-shift analysis~PSA! results of Ref.@11#.

Potential 4P 4P5/2-
4P3/2

4P3/2-
4P1/2 e1/22 e3/22

AV14 23.83 -0.48 1.77 6.22 -2.29
AV141BR 24.05 -0.37 1.60 6.40 -2.36
AV18 23.41 -0.27 2.10 5.71 -2.20
AV181UR 23.54 -0.15 1.95 5.83 -2.23
AV181UR* 23.69 -0.02 1.97 5.86 -2.28
PSA 23.44 -0.04 2.53 5.70 -2.46
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Ay(u) using AV18 underestimates the experimental data
almost 40%@25#, at En 5 6.5 MeV using Bonn B@26# by
25% @6#, at En 5 30 MeV then-d calculations with AV18
almost agree with then-d and p-d data@24#, and finally at
En 5 50 and 65 MeV then-d calculations using again AV18
agree very well with both then-d andp-d data@24#.

IV. AN ALTERNATIVE APPROACH

The latter comments clearly call for detailed studies
make sure that possible alternative solutions of theAy(u)
puzzle will not be overlooked. Witała and Glo¨ckle @5# were
the first who seriously treated theAy(u) puzzle as an on-
shell effect. However, as stated earlier, their resulting3Pj
NN phase shifts seem to deviate too much from what
currently accepted for CSB and CIB of the3Pj NN interac-
tions. As mentioned above, the method employed by the P
group to calculatep-d scattering observables using th
AV18 NN potential does not provide relations between in
vidual p-d phase-shift parameters and the underlyingNN
force components. However, such relations can be obta
for n-d scattering using the approach of Ref.@5#. Conse-
quently, in the first step, we converted thep-d 4PJ phase-
shifts parameters inton-d 4PJ phase shifts and mixing pa
rameters ~given in parenthesis in Table I! using the
information published in Ref.@11#, i.e., we multiplied thep-
d parametersX with the ratioRJ5(XJ)

n2d/(XJ)
p2d. Here,

we used the average between the AV18 and AV1813NF
results forXJ @11#. In the second step we used the approa
of Ref. @5# and determined thel factors by which the3Pj
AV18 interaction matrix elements have to be multiplied
order to reproduce our newn-d 4PJ phase shifts. Thel
factors obtained in the present work for3P0, 3P1, and 3P2
are 0.96, 0.98, and 1.06, respectively. They differ from
leff factors (leff5

2
3 lnn1 1

3 lnp) reported by Witała and
Glöckle @5# ~0.92, 1.06, 1.02!. In the latter work, the Bonn B
@26# NN potential was used andN-d Ay(u) and s(u) data
were considered over an extended energy range in a trial
error approach. As an important observation we notice t
the n-d Ay(u) data of Refs.@7,27# are very well reproduced
@see Fig. 1~a!, dashed curve# when the theoretical phase-shi
parameter of Ref.@11# are replaced by our modified param
eters given in the last column of Table I. This fact clea
shows that our approach does not require any breaking
charge symmetry in addition to the small amount alrea
contained in the AV18NN potential.

Since rigorousp-d 3N calculations are not available ye
above the deuteron breakup threshold, our approach ca
be extended to higher energies. Of course, rigorousn-d cal-
culations and therefore,n-d phase shifts@15# are available
above then-d breakup threshold and could be used as st
ing values inn-d phase-shift analyses. However, ourp-d
phase-shift analyses clearly showed thats(u) and Ay(u)
data alone do not permit an accurate determination of
4PJ phase shifts. Data for the vector analyzing pow
iT11(u) or for one of the two tensor analyzing powersT20(u)
or T21(u) in dW -n scattering are required. Unfortunately, su
data do not exist.

In order to obtain information about the energy depe
dence of our modification factors, we used the factorsr J
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5(XJ)
PSA/(XJ)

AV1813NF found at 3 MeV~Table I! and ap-
plied it to the n-d AV18 phase-shift parametersXJ in the
energy range fromEn5 5.0 to 8.5 MeV. As can be seen from
Fig. 1~b! ~dashed curve! our approach works also very we
at En5 5.0 MeV, where the modified parameters give
excellent description of the TUNLn-d data @6#. However,
starting atEn5 6.5 MeV @see Fig. 1~c!# small deviations
begin to emerge at the maximum ofAy(u) which are clearly
established atEn5 8.5 MeV @6# @see Fig. 1~d!#. Neverthe-
less, this fairly weak energy dependence may turn out to
important in future studies at higher energies.

V. RESULTING NN FORCE COMPONENTS AND
COMPARISON TO NN AND NEUTRON-DEUTERON DATA

From the modified values found in our analysis for t
n-d 4PJ phase shifts newn-p and p-p phase shifts were
obtained for the3Pj interactions by applying the resultin
3Pj l factors ~0.96, 0.98, and 1.06! to the AV18 potential
matrix elements. In order to preserve the small CIB and C
of the original AV18 potential, contrary to Ref.@5#, we mul-
tiplied thepp, np, andnn 3Pj interactions with the samel j
factors. Next, we used this modified AV18 potential and c
culated then-p and p-p Ay(u) at EN5 3.0 MeV. It turned
out that our new ‘‘experimental’’3Pj phase shifts overpre
dicted the magnitude of thep-p @see Fig. 2~a!, dashed curve#
andn-p @see Fig. 2~b!, dashed curve# Ay(u) by about 10 and
25 %, respectively. Since the AV18 potential is fitted to t
Nijmegen NI93NN phase-shift analysis~PSA! @28#, our re-
sults are also inconsistent with this phase-shift analysis.

FIG. 2. Prediction for thep-p ~top panel! and n-p ~bottom
panel! Ay(u) at EN53.0 MeV using the original AV18NN poten-
tial model~solid curves! and modified AV18 matrix elements~0.96
33P0, 0.9833P1, and 1.0633P2) obtained from a phase-shift fit to
p-d data.
e

B

-

e

same statement holds for the VPI phase-shift analysis@29#.
Unfortunately, experimental data are not available atEN5
3.0 MeV. Our new experimental4PJ phase-shift parameter
call for 3Pj n-p phases that are in clear cut contradicti
with existingn-p low-energyAy(u) phase-shift data@28#. To
a smaller degree this observation holds also for thep-p 3Pj
phases andp-p phase-shiftAy(u) data@28#. However, here
the disagreement is not so dramatic due to the fact that thp-
p Ay(u) at low energies is governed by the Coulomb forc
Nevertheless, we conclude that our approach must hav
sizable uncertainty.

The actual uncertainty associated with ourl factors is
difficult to evaluate. One has to keep in mind that one can
expect to obtain exact information about theNN interaction
at a particular incident nucleon energy from studyingN-d
scattering at this energy, because an extended range ofNN
energies comes into play in the 3N system~from EN to
2`). This fact is most likely the reason why the new ‘‘ex
perimental’’ 3Pj phase shifts fail to provide a better descri
tion of theNN Ay(u). In addition, our approach of multiply
ing the matrix elements of a givenNN potential is only a
convenient, but not necessarily the only and the most
equate method for modifying theNN interaction at a specific
energy. It should also be noted that ourNN calculations
using the AV18 matrix elements do not include the Mo
Schwinger interaction@30#, which affects then-p Ay(u) an-
gular distribution considerably. In addition, a change of t
3P2- 3F2 matrix element modifies not only the3P2 phase
shift, but also the3F2 ande2 phase parameters. Regardle
of the actual uncertainty, we think that our approach m
turn out to be useful in more sophisticated, future investi
tions. Some of the flavor will be given in the next section

VI. CONCLUSION

We clearly showed that the presentNN potential models
with and without present 3NFs cannot describe theNW -d ana-
lyzing powerAy(u) anddW -p vector analyzing poweriT11(u)
data. Present-day 3NFs have only small effects on the4PJ
N-d interactions. Furthermore, these changes are in disag
ment with findings based onp-d phase-shift analyses. As
suming that also more sophisticated 3NFs than prese
available have only small effects on the4PJ N-d interac-
tions, our studies support the conjecture that the low-ene
3Pj phase shifts obtained from the analysis ofNN data are
questionable@31#. As a consequence, sinceNN potential-
model parameters are fitted toNN phase shifts, the presen
NN potential models may have built in the incorrect3Pj
interactions. Due to the higher sensitivity of 3N data, a con-
sistent analysis ofNN and 3N data is required to obtain th
‘‘correct’’ NN 3Pj phase shifts. However, such an approa
is difficult since the treatment of the 3N part of our proposed
two-way procedure requires an explicit use of particularNN
potential-model parametrizations. The procedure adopte
the present work, i.e., multiplication of the3Pj force com-
ponents of an existingNN potential model with energy in-
dependentl factors, is not adequate and gives only quali
tive information about the3Pj NN interactions.

In order to support our suspicion we consider againEN53
MeV. Using a trial and error approach we found~without
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FIG. 3. Left-hand side: Comparison ofp-p ~top panel! andn-p ~bottom panel! Ay(u) calculations atEN53.0 MeV using the original
NI93 PSA ~solid curves! and modified3Pj phase shifts~0.97633P0, 0.91233P1, and 1.1633P2) inserted into the NI93 PSA~dashed
curves!. The error bars are explained in the text. Right-hand side: Same for original AV18NN potential~solid curves! and modified3Pj

matrix elements~0.9833P0, 0.9033P1, and 1.1333P2) inserted into the AV18 potential~dashed curves!.
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exploring the entire parameter space! that the phase-shif
combination 0.97633P0, 0.91233P1, and 1.1633P2 de-
scribesall NN phase-shift data@28# almost as well as doe
the original phase-shift combination3P0, 3P1, and 3P2 ob-
tained from the NI93 phase-shift analysis~PSA!. Here, ‘‘al-
most as well’’ refers to the fact that differences between
modified and original descriptions of up to 5% were tole
ated. This solution uses the same small CIB and CSB
contained in the NI93 PSA and in the AV18NN potential
model. In Figs. 3~a! and 3~b! the solid curves represent th
p-p andn-p Ay(u) angular distributions calculated from th
NI93 PSA analysis. In comparison, the dashed curves w
obtained using our modified3Pj phase shifts. The error bar
indicate the typical uncertainties of individual experimen
data points available at the energies closest toEN53 MeV,
i.e., Ep55.05 MeV @32# andEn510 MeV @33#. Not surpris-
ingly, at EN510 and 25 MeV our modification factors ar
not as accurate anymore. In fact, at these energies we
served differences of up to 7 and 13 % forn-p and p-p
scattering observables, respectively, i.e., our modifiedNN
phase shifts do not describe theNN phase-shift data@28#
accurately. In our trial and error approach we did not fi
any single combination of phase-shift modification facto
with lÞ1 that provided an accurate description of theNN
phase-shift data in the entire energy range up toEN525
MeV and simultaneously describedp-d scattering data atEp
5 3 MeV. Nevertheless, if one multiplies the AV18 intera
tions with thel factors associated with the phase-shift mo
fications discussed above, i.e., 0.98, 0.90, and 1.13~the
phase-shift modification factors are not identical to the f
tors by which the interaction matrix elements have to
e
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as
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e

multiplied!, respectively, one finds that then-d Ay(u)-puzzle
at En53 MeV is reduced considerably@see Fig. 1~a!, dash-
dotted curve in comparison to dashed curve#. The right-hand
side of Fig. 3 shows the associated description of theNN
Ay(u) at EN53 MeV using the modified AV18 interaction
The main reason for the disagreement between Figs. 3~a! and
3~c! and Figs. 3~b! and 3~d!, respectively, lies in the superio
treatment of electromagnetic effects in the NI93 PSA.
pointed out earlier, the Mott-Schwinger interaction has
substantial influence on the shape and magnitude of then-p
Ay(u) angular distribution.

Clearly, our result obtained for theNN Ay(u) supports
the finding of Ref.@31#: in the energy range up to about 1
MeV, basically onlyAy(u) is sensitive to modifications o
the 3Pj phase shifts. Therefore, the three3Pj phase shifts
cannot be determined in an unique way: a broad band
solutions exists that equally well describe the low-ene
NN Ay(u) phase-shift data. Table III provides some deta
taken from Ref.@31#. Here, the uncertainties of the ind
vidual 3Pj NN phase shifts are given at low energies. T
quoted uncertainties are based on the NijmegenNN phase-
shift analysis@28#. The associated phase-shift predictions
the observables of interest were treated as fake data a
was determined by how much the3Pj phase shifts could be
modified without deviating by more than 1% forn-p scatter-
ing and by more than 2% forp-p scattering from the
Nijmegen phase-shift predictions. Clearly, the3Pj phase
shifts can not be determined accurately, even if ‘‘perfec
NN data would exist. This observation raises the quest
about the accuracy of the extrapolation procedure use
global NN phase-shift analyses to obtain low-energy pha
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TABLE III. Uncertainty of NN 3Pj phase shifts atEN 5 3 and 10 MeV. The quoted uncertaintie
correspond to61% and62% changes in phase-shift data forAy(u) ands(u) for n-p scattering~left side!
andp-p scattering~right side!.

En ~MeV! 3P0
3P1

3P2 Ep ~MeV! 3P0
3P1

3P2

3 .1100% .1240% .1300% 3 620% 625% 6135%
.2200% .2240% .2250%

10 170% 160% 185% 10 624% 618% 633%
2160% 2195% 2145%
a
e
t

ca

s

ia
-

o

y
io

on
y

er
e-

the
t pa-

en
ed
he
d

and
o.
re

er-
rth
shifts from high-energy data where several observables
sensitive to the3Pj NN interactions. Therefore, we propos
the following strategy: On the phase-shift level one has
determine smoothly varying, energy dependent multipli
tion factors for the3P0, 3P1, and 3P2 potential-model phase
shifts in the energy range from 0 to about 50 MeV. The
new phase shifts must connect smoothly to the existing~as-
sumed ‘‘correct’’! high-energy phase shifts. On the potent
level, 3P0, 3P1, and 3P2 NN interactions have to be con
structed that reproduce the new3Pj phase shifts. It may be
necessary to readjust slightly otherNN interaction compo-
nents in order to describe the ‘‘recommended’’NN database
to which the potential used was fitted. Finally, this new p
tential model must be employed in 3N calculations and the
results must be compared ton-d andp-d data. Depending on
the results, several iterations of the entire procedure ma
required. Only then will it be possible to answer the quest
whether nuclear physics has not found yet the ‘‘correct’’3Pj
NN interactions at low energies, or whether the mes
exchange picture of theNN interaction breaks down alread
er
m
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at fairly large internucleon distances, or finally, wheth
sizable effects of 3NFs exist in nature at low energies. B
cause we are not aware of compelling arguments for
latter two scenarios, we have concentrated in the presen
per on the first issue.
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