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Do phase-shift analyses and nucleon-nucleon potential models yield the wron”@’i phase shifts
at low energies?
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The *P; waves in nucleon-deuteron scattering were analyzed using proton-deuteron and neutron-deuteron
data atEy=3 MeV. New sets of nucIeon-nucIeo?Pj phase shifts were obtained that may lead to a better
understanding of the long-standiAg(#) 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 mod&8556-28188)02202-X]

PACS numbegs): 25.10+s, 13.75.Cs, 24.78.s, 25.40.Cm

I. INTRODUCTION interactions. However, th€’Pj interactions obtained by
Witata and Glakle exhibit a large breaking of charge inde-
Since its discovery some ten years ago, the neutronpendence and charge symmetry. In addition, the sign of the
deuteron (-d) analyzing powerA,(6) puzzle[1] remains charge-independence breakif@IB) and CSB is inconsis-
the most elusive prob|em in |0\N-energy three-nudéﬁn) tent with theoretical expectations based on the meson-
elastic scattering. Although several groufis-4] have per- €xchange theory of theN interaction.
formed extensive studies with modern nucleon-nucleon After more than thirty years of intensive work théN3
(NN) potential models, including various types of three- scattering pro_blem is now _solvak_JIe with the Coulomb inter-
nucleon forces3NP), it turned out to be impossible to ac- action taken into account in a rigorous wg30]. Unfortu-
count for the 25—30 % discrepancy between rigordNs:al- nately, the solution of the charged\3cattering problem is

culations and experimental dd&ee Fig. 1a), short dash and currently restricted to energies below the; deuteron breakup
uat ; experimer d '9- B threshold(i.e.,E,= 3.3 MeV for p-d scattering andE;= 6.6
solid curve in comparison to experimental datat the p

present time, it is not clear whether the problem is caused bmgxt Loort gnﬁ ShC;Sttter::ang'otNe i\t/gtgfelseosl\s/’inth't; rE‘Z\;V ?;\;?(LOP'
on-shell or/and off-shell deficiencies in the underlyiNgN y P g Thet o) b !

potentials used in the calculations or by some other yet unl?m it has provided already some important additional infor-

known phenomenon. Sensitivity studigs—7] have clearly me_ltlon. First, it conﬂrmed specylatlons that Ay ) puzzlg
: . il exists also fop-d elastic scatterin§3] (a 20 standard devia-
shown thatA,(6) in n-d elastic scattering is governed by a

complicated interplay between th®,, 2P,, and °P, NN tion effect). Second, it showed that a similiar problem exists

interactions. As has been established more than forty yeaf8" I T11(6) in d-p scatterind 11]. Third, the small difference
ago, these interactions are also responsible foltheana-  Petweem-d andp-d at the maximum of thé\,(6) angular

lyzing powerA,(6) [8]. However, then-d A(6) is a factor distribution isT not due to CS_B as previously_ assumed by
of 10 larger than ther-p A/(6), thus providing a greatly \év'faiakinil(;&klggg]b-r?ﬁ:@ga%gb ar:lgri(c)tl[ﬂiﬁ i:.s[lggs
enhanced sensitivity to théPj NN interactions. It should o' gely cau y u ! AR, asw

also be noted that the-p A, (6) is governed by the Coulomb argued already earlier by Tornost al. [9].
interaction. In fact, the proton-deuterop-@) A (6) is two
orders of magnitude larger than thep A (6). Thereforen-

d and p-d data may provide a magnifying glass for deter-
mining the *P; NN interactions.

Witata and Glakle [5] studied the on-shell aspect of the  As has been shown by the Bochum-Cracow grfilfd, a
Ay(0) puzzle. They found a combination 8Pj NN inter-  strong correlation exists between thed “P; and theNN
actions that describes both thed andNN A () and cross- 3Pj phase shifts. A change of th&éP, NN interaction in-
sectiong(9) data. In addition, theo-d A (6) data are also duced by multiplying its momentum space matrix element by
well described, although the calculations did not include thea factor) influences*P,,,, and similar relations exist for
Coulomb interaction. The small difference in the absolutethe CP,,%P3,) and €P,,%Ps;,) pairs. Although such rela-
magnitude between the-d andp-d A (6) data[9] was in-  tions cannot be calculated at the present timepfat scat-
terpreted as charge-symmetry breaki@G&B) in the 3PJ- NN  tering, we expect very similar relations to exist between the

Il. “P;-WAVES ANALYSIS IN NUCLEON-DEUTERON
SCATTERING
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0.10 T T T T T ] TABLE |. The p-d phase-shift analysis result®urth column
i EVTSO;MI\;? (a) of Ref. [11] at E,=3 MeV are transformed ta-d results (last
r — + N . . . . .
0081 V18 + 3NF modified (3N) . column) using the ratio obtained .from the theoretlgal calculations
F oo AVIS . for p-d (second columnandn-d (third column scattering aEy=3
. 0.06F----- AVI8mod (NN) o . MeV [11].
=N [ o  Wisconsin £ -~ i
< 004F /TN . Parameter AV18 3NF PSA
: / /Al ~ \\\ :
002k o4 AN 1 p-d n-d p-d n-d
I ) 1‘5\\ ] P 22.3 24.5 21.77 23.9
.00 ey, L Lii L L] P 24.2 26.0 24.30 26.1
“Pepy 24.1 26.3 24.26 26.4
013 prerrrer T e T A €10 5.83 6.82 5.70 6.67
010 F----- AVIS ®] €3 —223 266  -246 291
[ — — - AVI18 modified (3N) ﬁ% ]
008 o 1 . .
_ C TUNL yon ] on the description oA (), iT11(60), T(6), T2(6), and
S 006 \‘ii\ . T, 6) is the 2Py - *P4,, mixing parametee,,_ . The mag-
C f/ \ ] nitude ofe;,_ increases by strengthening thB, NN force.
0041 § '\ ] Similarily, changes of théP;, or 3P,-°F, interactions affect
002 i/;i,@ \\\ ] only th_e 2P3,2-4E3,2 mixing parameteres, significantly,
I N which in turn influences the description @&, (6#) and
0.00 MO b T Lo Lvien Lo i iT14(6).
018 For p-d andd-p scattering complete data sets exist for the
e LR L Tt T LI .
F E =6.5 MeV ©)] observablesa(6), Ay(0), iT11(0), Too(6), T2(6), and
015F ----- AV18 . Toy(0) atE,= 3.0 MeV, Eq= 6.0 MeV (E.,= 2.0 MeV)
[ — — - AVI8 modified 3N) ] [16,17]. Starting from the Pisa phase-shift calculatip8kat
0.2F o TUNL I@% ] E.m= 2.0 MeV based on the Argonne AVI8N potential
S ook §§/ ok b [18] + Urbana 3NH19], results of a phase-shift search were
< F g, ] published in Ref[11]. In this work the high-accuracy data of
0.06 - . \\i y the Kyushu groug17] are described withy? per datum of
s 3 @,@f/@ % ] about 1. In Table | we give the results for the parameters of
0.03 L . . . . L .
L R NI interest. Surprisingly, the modifications required pyd
0.00 B busuns Lo b Lo Lo e phase-shift analyses to remove the 383%6) andiT,(6)
020 discrepancies are fairly small. The largest changes are found
TP CEssMev A '(d) in the mixing parameteks;,_ (10% increaseand in the
L Vi ] 4P,,» phase shif2.5% reductioh The changes ifP3, and
- 1 4
OIS E L yis modified BN) % 1 P, are less than 1%.
g, N® 1
o TUNL / ]
5 o0l R \? E Ill. THREE-NUCLEON FORCES
< 10N 1 - . :
< r 7/ ¥ ] It is important to point out that th&l-d parameters dis-
005 L ¥ \\;{ ] cussed so far correspond to peripheral waves at the energies
[ o PO N considered in the present work. Therefore, at a first glance,
[~ - . . . I\\ ] one would not resort to three-nucleon fora@NFs9 as a
00 e 0 e s 150 mean to fix theA () puzzle, because 3NFs are of shorter
8_(deg) range than two-nucleon forces. Nevertheless, present day

3NFs cause small changes in these phase-shift parameters.
FIG. 1. Comparison oh-d A,(6) data to rigorous calculations However, they do not resolve tmpy( ) puzzle[1-4]. The
and phase-shift predictions. In pané—(d) the Ay(6) data(from  27_exchange Tucson-Melbouri@0] and Brazil[21] 3NFs
Ref. [27] at E,=3.0 MeV and from[6] at E,= 5.0, 6.5, and 8.5 5\yer the calculatedh,(6) slightly [1,2], i.e., the discrep-
MeV) are compared to calculatiorisolid curve using the AV18 50y petween data and calculations is increased. The same
potential[18,19. The dashed curves were obtained using our mOdi'Statement holds for the effective 3NF obtained in a two-
fied *Pyjp, “Pyz, “Poa, €, andey,- phase-shift parameters as v coypled-channel potential approach which allows for

described in the text. The dash-dotted curvéanwas calculated . o .
from a version of AV18 where théPj NN interactions were modi- A-isobar excitatiorj4]. Only the Urbana 3NF gives a small

fied to produce phase shifts of 0.978P,, 0.912<3P,, and 1.16 increasd 3] in the calculatedh(6) [see Fig. 1a), short dash

x 3P, where3Pj are the original phase shifts associated with theand solid curvé
AV18 NN potential. Due to the rather small changes needed to solvéii€)

puzzle, we present in Table Il the average values of the three
4P, p-d phase shifts and th@j NN interactions. Following P, phase shifts, their splittings, and the mixing parameters
the Bochum-Cracow approach we found that the only otheg;,,_ ande;,_ as calculated from thBIN potential models
n-d phase-shift parameter that is influenced by modification#\V14 [22] and AV18 with and without 3NFs. For compari-
of the 3P, force component and simultaneously has an effecson, the last row of Table Il represents the phase-shift analy-
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TABLE II. Calculatedp-d phase-shift parameters in comparison A, () using AV18 underestimates the experimental data by

with the phase-shift analysi®SA) results of Ref[11]. almost 40%25], at E, = 6.5 MeV using Bonn B26] by

: . PR 4 : 25%[6], atE, = 30 MeV then-d calculations with AV18
Potential P "P5r"Paz "Paz"Puz €2~ €2~ almost agree with the-d and p-d data[24], and finally at
AV14 23.83 .0.48 1.77 6.22 -229 En=50and65 MeV thea-d calculations using again AV18
AV14+BR 24.05 037 1.60 6.40 -236 agree very well with both the-d andp-d data[24].
AV18 23.41 -0.27 2.10 571 -2.20
AV18+UR 23.54 -0.15 1.95 583 -2.23
AV18+UR* 2369  -0.02 197 586 -2.28 IV. AN ALTERNATIVE APPROACH
PSA 2344 -0.04 2.53 570 -2.46  The latter comments clearly call for detailed studies to

make sure that possible alternative solutions of Aye6)

sis results of Ref[11]. Let us compare AV14 and Av18 Puzzle will not be overlooked. Witata and Glde [5] were
first. The AV14 potential underestimates the magnitude ofhe first who seriously treated the, () puzzle as an on-
the experimental,(#) data inN-d scattering by about a shell effect. H_owever, as stateq earlier, their result?rﬁg .
factor of 2. The discrepancy is drastically reduced in the cas®!N phase shifts seem to deviate too much from what is
of the AV18 potential. This improvement is due to the currently accepted for CSB and CIB of tti@; NN interac-
smaller value obtained with AV18 for th&P,,, phase shift tions. As mentioned above, the method employed by the Pisa
(22.1° as opposed to 22.8° with AV14 fprd), which re-  group to calculatep-d scattering observables using the
sults in larger*Ps,-*Py, and *Psj,- Py, splittings[3]. As A_V18 NN potential d_oes not provide relations between indi-
stated earlier, smaller values for tH&,,, phase shift are Vidual p-d phase-shift parameters and the underlyhy
supported by phase-shift analyses. When the Tucsorforce components. However, such relations can be obtained
Melbourne, Brazil(BR), or Urbana(UR) 3NFs are included for n-d scattering using the approach of Rg5]. Conse-
in the Hamiltonian of the three-nucleon system, all three calguently, in the first step, we converted thed “P; phase-
culated *P, phase shifts increase slightly, resulting in a re-Shifts parameters inta-d *P; phase shifts and mixing pa-
duced splitting. As has been well known, increaseéRf, ~ rameters (given in parenthesis in Table) lusing the
and *Ps), affect the calculated\,(6) in opposite ways: an information published in Ref11], i.e., Wﬁdmump!%d thep-
increase in*P;, lowers the magnitude oA, (6) while an ~ d parameterX with the ratioR;=(X;)"~/(X5)""¢. Here,
increase of*Ps, yields largerA, () values. For the Tucson- We used the average between the AV18 and AV3BIF
Melbourne 3NF the increase #P,, is not completely can- results forX; [11]. In the second step we used the approach
celed by the associated increase in i, phase shift, thus Of Ref. [5] and determined tha factors by which the’P;
resulting in a slightly smaller overal,(6). For the Brazil AV18 interaction matrix elemen'is have to be.multlphed in
and Urbana 3NFs the situation is reversed. Here, the overafirder to reproduce our new-d “P, phase shifts. Tha
effect gives a small increase in the calculateg 6). The  factors obtained in the present work f&Po, Py, and °P,
Urbana 3NF contains a Short_range repu'sive tﬁnmhout are 096, 098, and 106, reSpeCtlvely. They d|ffer from the
any spin and isospin dependeici order to check on the Mef factors Q= 35\nat3\,p) reported by Witata and
importance of such a term for the description&f(6), we ~ Glockle[5] (0.92, 1.06, 1.0R In the latter work, the Bonn B
turned this term off and found basically no increase in thd26] NN potential was used an-d A,(6) and o(6) data
splittings of interest. The magnitude of the mixing paramtervere considered over an extended energy range in a trial and
€3, increased slightly, and théPg,-*Ps, splitting de- ~ €rror approach. As an important observation we notice that
creased, but overall the description Af(¢) did not im-  then-d A,(6) data of Refs[7,27] are very well reproduced
prove. This sensitivity test is denoted in Table Il with Av18 [see Fig. 1), dashed curvewhen the theoretical phase-shift
+ UR*. parameter of Refl11] are replaced by our modified param-
Summarizing, 3NFs have some influence on the indi-€ters given in the last column of Table I. This fact clearly
vidual phase shifts of interest, but, due to cancellations, th€hows that our approach does not require any breaking of
overall influence om(6) andiT () is rather small. How- charge symmetry in addition to the small amount already
ever, the present 3NF studies do not rule out the possibilitgontained in the AVI8&IN potential. _
that new forms of 3NFs, for example, the one proposed in Since rigorousp-d 3N calculations are not available yet
Ref. [23] may eventually explain thé(6) puzzle. Crucial above the deuter_on breakup_ threshold, our gpproach cannot
for any new form of 3NFs must be a feature that affects thé®€ extended to higher energies. Of course, rigoroascal-
4P, 3N phase shifts in a different way as do present-dayculations and thereforen-d phase shift§15] are available
3NFs, i.e., the*Py,, phase shift must be reduced and notabove then-d breakup threshold and could be used as start-
increased. Furthermore, restricting our comments to scatteldd values inn-d phase-shift analyses. However, opid
ing, one has to keep in mind that any 3NF is allowed to acPhase-shift analyses clearly showed tldt) and A(6)
appreciab|y on|y on very Specifid\BobservatﬂeS, otherwise data alone do not permit an accurate determination of the
the good agreement found between a large bodyiNfore-  ‘Py phase shifts. Data for the vector analyzing power
dictions and 3! observables would be destroy¢g4]. In  iT11(6) or for one of the two tensor analyzing powdrg( 6)
addition, one should keep in mind that there is strong experioer T,4(6) in d-n scattering are required. Unfortunately, such
mental evidence that their influence must decrease with indata do not exist.
creasing energy in the case Af(#6), a condition which ap- In order to obtain information about the energy depen-
pears quite puzzling, too. AE, = 650 keV the calculated dence of our modification factors, we used the factoys
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0.0002 ———————————— same statement holds for the VPI phase-shift analyz9
A E=3.0MeV @ 3 Unfortunately, experimental data are not availableEgt=
0.0001 AVIS8 7 3.0 MeV. Our new experimentdiP, phase-shift parameters
- — — - AVI8 modified 0.96, 0.98, 1.06 ] call for 3Pj n-p phases that are in clear cut contradiction
. 0.0000 F with existingn-p low-energyA,(6) phase-shift datg28]. To
= a smaller degree this observation holds also forghe °P;

-0.0001 phases ang-p phase-shifiA,(6) data[28]. However, here
the disagreement is not so dramatic due to the fact thgt-the
p Ay(6) at low energies is governed by the Coulomb force.
Nevertheless, we conclude that our approach must have a
T sizable uncertainty.
0 30 60 % The actual uncertainty associated with ourfactors is
00030 prr T e L oMey e A difficult to evaluate. One has to keep in mind that one cannot
0.0025 £ AVIS E expect to obtain exact information about tRé interaction
E _ _ . AVI8 modified 0.96, 0.98, 1.06 1 at a pgrucular _|nC|dent nucleon energy from studyied
0.0020 F _ ] scattering at this energy, because an extended ranNof
- 1 energies comes into play in theN3system(from Ey to
—). This fact is most likely the reason why the new “ex-
00010 E 7 N 3 perimental” ®P; phase shifts fail to provide a better descrip-
E N 1 tion of theNN A(6). In addition, our approach of multiply-
0.0005 F N ing the matrix elements of a giveNN potential is only a
o L L L LN convenient, but not necessarily the only and the most ad-
00000 5="77307"60 90 120 150 180 equate method for modifying tH¢N interaction at a specific
6 (deg) energy. It should also be noted that diMiN calculations
o using the AV18 matrix elements do not include the Mott-
FIG. 2. Prediction for thep-p (top panel and n-p (bottom  gehyinger interactiofi30], which affects then-p A,(6) an-
pane) A(6) at Ey=3.0 MeV using the original AVI&IN poten- o ,15- gistribution considerably. In addition, a change of the
t|a3I model(soglld curve$ and 3modlfled AV18 matrix eIemen(Q.QG 3p,-3F, matrix element modifies not only thdP, phase
X>Pg, 0.98x°P4, and 1.06< °P,) obtained from a phase-shift fit to . & d h t R dl
p-d data. shift, but also the’F, and e, phase parameters. Regardless
of the actual uncertainty, we think that our approach may

ps AVIS43NE turn out to be useful in more sophisticated, future investiga-
=(Xy) (X5) found at 3 MeV(Table ) and ap-  tjons. Some of the flavor will be given in the next section.
plied it to then-d AV18 phase-shift paramete?s; in the

energy range fronk,,= 5.0 to 8.5 MeV. As can be seen from
Fig. 1(b) (dashed curveour approach works also very well VI. CONCLUSION

at E,= 5.0 MeV, where the modified parameters give an learly sh d that th il model
excellent description of the TUNI-d data[6]. However, We clearly showed that the preséwiN potential models

starting atE,= 6.5 MeV [see Fig. {c)] small deviations With and without present 3NFs cannot describeXhd ana-

begin to emerge at the maximum A&§(#) which are clearly lyzing powerA(6) and&-p vector analyzing powaiT 14( 0)
established aE,,= 8.5 MeV [6] [see Fig. 1d)]. Neverthe- data. Present-day 3NFs have only small effects on*fg
less, this fairly weak energy dependence may turn out to bdl-d interactions. Furthermore, these changes are in disagree-
important in future studies at higher energies. ment with findings based op-d phase-shift analyses. As-
suming that also more sophisticated 3NFs than presently
available have only small effects on tH®; N-d interac-
tions, our studies support the conjecture that the low-energy
3Pj phase shifts obtained from the analysisNdfl data are
From the modified values found in our analysis for thequestionableg[31]. As a consequence, sinééN potential-
n-d “P, phase shifts new-p and p-p phase shifts were model parameters are fitted N phase shifts, the present
obtained for the3Pj interactions by applying the resulting NN potential models may have built in the incorret®;
3Pj A factors(0.96, 0.98, and 1.06t0 the AV18 potential interactions. Due to the higher sensitivity dfl Rlata, a con-
matrix elements. In order to preserve the small CIB and CSBistent analysis oRN and 3 data is required to obtain the
of the original AV18 potential, contrary to Rd&], we mul-  *“correct” NN 3Pj phase shifts. However, such an approach
tiplied thepp, np, andnn 3PJ- interactions with the sambe, is difficult since the treatment of theé\B3part of our proposed
factors. Next, we used this modified AV18 potential and cal-two-way procedure requires an explicit use of particiNat
culated then-p andp-p A/(6) at Ey= 3.0 MeV. It turned  potential-model parametrizations. The procedure adopted in
out that our new “experimental’GPj phase shifts overpre- the present work, i.e., multiplication of th3€Pj force com-
dicted the magnitude of the-p [see Fig. Pa), dashed curve  ponents of an existingNN potential model with energy in-
andn-p [see Fig. 2b), dashed curvieA,(6) by about 10 and dependenh factors, is not adequate and gives only qualita-
25 %, respectively. Since the AV18 potential is fitted to thetive information about the"Pj NN interactions.
Nijmegen NI93NN phase-shift analysi€PSA) [28], our re- In order to support our suspicion we consider adgaifF3
sults are also inconsistent with this phase-shift analysis. ThileV. Using a trial and error approach we foufdithout

-0.0002

-0.0003 L

)
AN
/

<~ 0.0015 C N 7]

V. RESULTING NN FORCE COMPONENTS AND
COMPARISON TO NN AND NEUTRON-DEUTERON DATA
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0.0002 —— T 0.0002 [ ———————]
C EP=3.0 MeV (a) 1 C Ep=3~0 MeV ©) 1
0.0001F —— p-pNI93PSA . 0.0001 AVIS8 .
I — — - NI93 PSA modified 0.98, 0.91, 1.16 r — — - AVI8 modified 0.98, 0.90, 1.13
_0.0000F 0.0000 F
e C e .
< r < r
-0.0001 | -0.0001
-0.0002 F -0.0002 | ]
-0.0003 [ . | L 1 -0. L. | L | .
0 30 60 90 0.0003 5 30 60 90
0.0025 e e e — — 0.0025 v —— e e — —
F E =3.0 MeV (b) 1 3 E =3.0 MeV (d 1
0.0020E n-p NI93 PSA E 0.0020 AVIS ]
[ — — - NI93 PSA modified 0.98, 0.91, 1.16 [ — — - AVI8 modified 0.98, 0.90, 1.13
0.0015F 3 _0.0015F R ]
@ C e L V. AN
<>‘ r <E>‘ L / N
0.0010f _ - 00010F N 3
N ~ - - N\
C ~ r «
C - 0.0005 | 3
0.0005 - - «
[ [ ~
00000' ..... Lo d ool Lov e Loy o 1oy o] 0.0000 o [P I [N | [
0 30 60 90 120 150 180 0 30 60 90 120 150 180

FIG. 3. Left-hand side: Comparison pfp (top panel andn-p (bottom panel A (6) calculations aEy=3.0 MeV using the original

NI93 PSA (solid curve$ and modified®P; phase shift40.976x3P;, 0.912<®P;, and 1.16<3P,) inserted into the NI93 PSAdashed
curves. The error bars are explained in the text. Right-hand side: Same for original AN\LBotential (solid curve$ and modified?’Pj
matrix elementg0.98x 3P, 0.90<3P;, and 1.1 3P,) inserted into the AV18 potentidbiashed curves

exploring the entire parameter spadbat the phase-shift
combination 0.97&3%P,, 0.912<3P,, and 1.16&3P, de-
scribesall NN phase-shift datd28] almost as well as does
the original phase-shift combinatiotP,, 3P;, and 3P, ob-  side of Fig. 3 shows the associated description of XH¢
tained from the NI93 phase-shift analy$SA). Here, “al- A (6) at Ey=3 MeV using the modified AV18 interaction.
most as well” refers to the fact that differences between thérhe main reason for the disagreement between FigsaBd
modified and original descriptions of up to 5% were toler-3(c) and Figs. 8b) and 3d), respectively, lies in the superior
ated. This solution uses the same small CIB and CSB aseatment of electromagnetic effects in the NI93 PSA. As
contained in the NI93 PSA and in the AVI8N potential  pointed out earlier, the Mott-Schwinger interaction has a
model. In Figs. 8) and 3b) the solid curves represent the substantial influence on the shape and magnitude ofithe
p-p andn-p Ay(#) angular distributions calculated from the A,(6) angular distribution.

NI93 PSA analysis. In comparison, the dashed curves were Clearly, our result obtained for thdN A/(6) supports
obtained using our modifiean phase shifts. The error bars the finding of Ref[31]: in the energy range up to about 15
indicate the typical uncertainties of individual experimentalMeV, basically onlyA,(6) is sensitive to modifications of

multiplied), respectively, one finds that tined A,(6)-puzzle
at E,=3 MeV is reduced considerabgee Fig. 1a), dash-
dotted curve in comparison to dashed cyrvéhe right-hand

data points available at the energies closedtje=3 MeV,

i.e., E,=5.05 MeV[32] andE,=10 MeV [33]. Not surpris-

served differences of up to 7 and 13 % forp and p-p

scattering observables, respectively, i.e., our modifigd

phase shifts do not describe theN phase-shift dat§28]

with A # 1 that provided an accurate description of tgl

phase-shift data in the entire energy range upEtpg=25

MeV and simultaneously describ@dd scattering data &,

fications discussed above, i.e., 0.98, 0.90, and 1thad

the 3P; phase shifts. Therefore, the thré®; phase shifts
cannot be determined in an unique way: a broad band of
ingly, at Ey=10 and 25 MeV our modification factors are solutions exists that equally well describe the low-energy
not as accurate anymore. In fact, at these energies we obiN A () phase-shift data. Table Il provides some details
taken from Ref.[31]. Here, the uncertainties of the indi-
vidual 3Pj NN phase shifts are given at low energies. The
quoted uncertainties are based on the Nijmelyéh phase-
accurately. In our trial and error approach we did not findshift analysid28]. The associated phase-shift predictions for
any single combination of phase-shift modification factorsthe observables of interest were treated as fake data and it
was determined by how much tﬁ@j phase shifts could be
modified without deviating by more than 1% fotp scatter-

ing and by more than 2% fop-p scattering from the

= 3 MeV. Nevertheless, if one multiplies the AV18 interac- Nijmegen phase-shift predictions. Clearly, tﬁ@j phase
tions with the factors associated with the phase-shift modi-shifts can not be determined accurately, even if “perfect”
NN data would exist. This observation raises the question
phase-shift modification factors are not identical to the fac-about the accuracy of the extrapolation procedure used in
tors by which the interaction matrix elements have to beglobal NN phase-shift analyses to obtain low-energy phase
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TABLE Ill. Uncertainty of NN 3Pj phase shifts aEy = 3 and 10 MeV. The quoted uncertainties
correspond tat 1% and+ 2% changes in phase-shift data #y(6) ando(#6) for n-p scattering(left side)
and p-p scattering(right side.

E, (MeV) 3P, °p, p, E, (MeV) 3P, 3p, p,
3 >+100% >+4240%  >+300% 3 +20%  *+25%  +135%
>-200% >-240% >-—250%
10 +70% +60% +85% 10 +24%  +18%  *=33%
—160% —195% —145%

shifts from high-energy data where several observables am@ fairly large internucleon distances, or finally, whether
sensitive to the3PJ- NN interactions. Therefore, we propose sizable effects of 3NFs exist in nature at low energies. Be-
the following strategy: On the phase-shift level one has tacause we are not aware of compelling arguments for the

determine smoothly varying, energy dependent multiplicajatter two scenarios, we have concentrated in the present pa-
tion factors for the*P,, 3Py, and *P, potential-model phase per on the first issue.

shifts in the energy range from 0 to about 50 MeV. These
new phase shifts must connect smoothly to the existasg
sumed “correct’) high-energy phase shifts. On the potential
level, 3P, 3P,, and 3P, NN interactions have to be con-
structed that reproduce the ne’Wi phase shifts. It may be We acknowledge Dr. M. Rentmeester from the Nijmegen
necessary to readjust slightly oth®iN interaction compo- group for performing several calculations with our modified
nents in order to describe the “recommendedN database 3Pj phase shifts. This work was supported in part by the
to which the potential used was fitted. Finally, this new po-U.S. Department of Energy, Office of High Energy and
tential model must be employed irfN3calculations and the Nuclear Physics, under Grant No. DEFG05-91-ER40619 and
results must be comparedrted andp-d data. Depending on by the Maria Sklodowska-Curie Il Fund under Grant No.
the results, several iterations of the entire procedure may bIEN/NSF-94-161. Some of the numerical calculations were
required. Only then will it be possible to answer the questiorperformed on the Cray T916 of the North Carolina Super-
whether nuclear physics has not found yet the “corre%i?} computing Center at the Research Triangle Park, North
NN interactions at low energies, or whether the meson<Carolina, and on the Cray Y-MP of the Elastleistungsrech-
exchange picture of the N interaction breaks down already enzentrum in Jich, Germany.
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