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Introduction

In the usual phase-shift analysis of nucleon-nucleon (N-N) scattering, which is called the modified
phase-shift analysis (PSA), the peripheral part of the scattering amplitude in the outer region of the nuclear
distance r 2 2.5 fm is provied by the one-pion-exchange (OPE) contribution.”” Even now, the method of
evaluation of g?/4mn differs slightly between groups.?¥ The exact determination of g%/4x is impotant not only
in nuclear physics but also in hadron physics.

In 1998, the pp analyzing power and spin correlation data between 200 and 450 MaV were measured by
the IUCF group.” At T. = 25.68 MeV, we have the extremely precise data of the spin-correlation obtained by
the PSI group in 1994. The accumulation of pp scattering data at 7T¢. = 25-500 MeV is very excellent.

Here we carry out the energy-independent PSA of pp scattering in the region 7. = 25-500 MeV using
our proposed % >-mapping method in order to find both best fit solutions of the phase shifts and the peripheral
amplitude with unfixed g?pp/4T value, simultaneously.

The experimental data used in the analyses

The experimental data for pp scattering below the laboratory energy 7. = 510 MeV were collected from
papers published between 1950 and 1998. This database consists of 1,477 do/d€2 data points, 1,326 P (8) data
points and 2,463 spin-correlation data points, which is a total of 5,266 data points.

In order to perform the single-energy PSA, we need a database that is close to “complete” at each
energy. From the distribution maps, we find sufficient data at 7. = 25, 50, 140, 210, 310, 400, 445 and 500
MeV, which are selected as the energy points for our PSA. The observables and the correspondinng number
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of experimental data used in the present analysis at each energy are listed in Table I. The following criteria
were adopted for the selection of the database at each energy. We take the energy bins AT. = 10 MeV for
the do/dQ data selection and ATL = +5 MeV for other spin-correlation data selections. The number of data
points used in a single energy PSA at each energy is given in Table L.

Table I. The observables and the corresponding number of experimental data points used in the
single-energy phase-shift analysis at each energy.

7L (Mev) 25 50 140 210 310 400 445 500
Forward Obs. 4 4 2 2 4 3 3
do/dQ 23 72 47 7 14 39 43 97
p 24 39 105 58 82 118 103 189
R 8 5 14 15 27 29 22 43
A 5 10 12 14 24 29 19 48
R' 11 11 12
A’ 5 2 16
DNN 8 1 19 20 19 13 17 43
ANN 1 3 2 57 58 59 34
ALL 10 4 17 40
ASL 1 40 40 54 23
Ass 3 2 40 40 63 22
KNN 8 16 28 24
MwsN 8 16 24 24
MwkN 8 16 21 21
Dws 22 24
Dwk 24 24
Total 76 137 210 132 339 422 521 687

forward observables : Gt, Gy, AGT, ACL.

Solution of phase shifts and gZvpp/4nt coupling constant

The modified phase-shift analysis of N N scattering, in which the peripheral part of the amplitudes is
evaluated using the one-pion exchange contribution, was proposed by Moravscik® and generalized to the
inelastic region by Hoshizaki.” The scattering amplitude is represented by the partial wave amplitudes as

follows:

M= Zﬁl(6ﬁ’nﬂ)+ Zfa(alzopfana)"'MOPE(QZQl). (1)

0(2<0y) 0,<0<8,

Here, 0is an orbital angular momentum, &, a phase shift, and 1, a reflection parameter. The boundary angular
momentum £, corresponds to the impact parameter equal to 2.5 fm, which is the effective range of the one-
pion-exchange potential. £, is appropriately determined in the process of performing the PSA. The partial
wave amplitudes with 0>, in Eq. (1) were calculated using the OPE amplitude.

We carried out the PSA by using the representation of the S matrices proposed by Matsuda and Watari®
as follows. In the case 0=J,

S; =Ty, exp(2i6,2‘,), @
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where 82’ ; is the nuclear-bar phase shift and 1, , the reflection parameter. In the case 0= Jt1,

1-|p, Fn_exp(2i8.)  ip,/n.n, exp[i(5.+8.,)]

L= 3
iPJ NURUN exp[i(a— + 8+ )] Vyl_ | P, I : n. exp(218+)

where 6t = 81y

wave mixing. 1),, = 1.0 in the energy region, where no inelastic channels are opened.

and Nt = n,, , are the phase shifts and reflection parameters, and p, is the parameter of the

A best fit solution of partial wave amplitudes is obtained by varying the free parameters so as to

minimize the X* value:

th ex
6, —n6;

2 2
; 1-n,
xz - [ i, }"'v]jl + [ I} s (4)
,2,‘ n,AQ;; Z An,

J J

where 6 is the experimental datum for observable i from the jth experiment, with experimental error A 6]} ,
and 9,’"'] is its theoretical value. Here n, and An, are the experimental renormalization parameter and the
statistical error assigned to the experimental data of the jth group. n, is used as a free parameter only for
some data regarding the differential cross-section, for which extreme differences among the data sets exist.
In the X*-minimizing search, we determined reasonable values of the boundary angular momentum €, and the
conpling constant g2xpp4/n (abbreviated as g2) by our proposed X*-mapping method.

The value determined for g?r'pp/4T at each energy is given in Table II. The obtained solutions for phase
shifts at 7 = 25, 50, 140, 210, 310, 400, 445 and 500 MeV are given in Table III.

We obtained almost unique solutions for the phase shifts at each energy below 310 MeV. Above 400 Me V,
the reflection parameters 1, for low partial waves must be searched with the phase shifts, owing to opening
of inelastic channels. We need more data on many kinds of spin-correlation observables in this energy region
in order to remove the ambiguities found in the solutions for 8(*H,) and p,. The average value of g2rpp/4m
obtained in the present analysis is 13.5240.23. The value obtained by the Nijmegen group? is most consistent
with our value. In the future, we will carry out PSA for pp scattering by using the X> mapping method in the
energy region 7. = 500-1000 MeV.

Table II. The g2r%p/47 values determined by the X* mapping method at each energy point.

T (Mev) No. of §,n No. of data X2 g2 roppl4Te
25 4 76 89 13.4740.21

50 9 137 150 13.53+0.07

140 11 210 229 13.5440.22
210 12 132 173 13.5610.36
310 11 339 434 13.5840.35
400 14 422 543 13.49140.14
445 15 521 910 13.4540.29
500 17 687 1476 13.5140.22

(average) 13.5240.23
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Table III. The phase shifts obtained by the present single-energy PSA at 70=25, 50, 140, 210,310, 400, 445
and 500 Me V. The phase shift values in the parentheses are those calculated by the one-pion exchange

amplitude.
Waves T1=25 (MeV) TL=50 MeV) Ti=140 (MeV)
XY Nr=89/76 *2/Ne=150/137 XYN=229/210
] ] S
. 180 48.5240.26 39.2240.13 17.3110.18
3Po 9.454+0.20 12.5840.13 7.2240.08
3P -4.7040.18 -7.1610.12 -16.8440.20
3P 2.3610.12 5.6610.08 13.61%0.17
P (-0.014) -0.058+0.10 -0.010140.13
D2 (0.56) 1.58+0.03 5.1240.06
3F2 0.11) 0.1240.07 1.21+0.09
3F3 (-0.24) -0.9240.06 -1.95+0.08
3Fa 0.02) 0.0410.04 0.9710.06
P4 (-0.001) (-0.003) -0.02140.10
1Ga 0.04) (0.15) 0.4910.05
3Ha _(0.01) (0.03) (0.19)
Waves Tr=210 (MeV) Tr=310 (MeV)
X¥Ni=173/132 X2/Ni=434/339
o S
1So 4.68+0.52 -7.1630.46
3Po -2.8540.47 -10.38+0.46
3Py -22.73+0.31 -28.9340.29
3p> 16.50+0.25 17.114£0.29
P -0.088+0.28 -0.07940.31
D> 7.7310.24 9.68+0.23
3F2 1.2740.26 0.8440.23
3F3 -2.601+0.29 -2.99+0.29
3Fa 1.58+0.20 2.6740.20
P4 -0.048+0.25 -0.04610.28
1G4 0.89+0.13 1.5540.21
3Ha 0.2640.12 (0.55)
Waves Tr=400 (MeV) Tr=445 (MeV)
XYNr=543/422 Y2IN=910/521
S n d n
1So -13.34+0.41 1.0 -20.23+0.38 1.0
3Po -18.05+0.29 1.0 -22.1110.32 0.949+0.007
3Py -33.8940.32 1.0 -36.69+0.33 0.958+0.005
3Py 17.4040.23 1.0 18.0410.27 . 1.0
) -0.0331+0.31 0.0 -0.023140.31 0.0
D> 11.3440.18 0.95340.003 12.1540.26 0.9354+0.003
3F -0.2240.23 1.0 -0.33+0.28 1.0
3F3 -2.5940.23 0.99540.001 -2.84+0.25 0.97440.002
3Fa 3.81+0.17 1.0 4.1110.20 1.0
P4 -0.05740.023 0.0 -0.05340.23 0.0
1Gs 2.1340.12 1.0 2.8940.13 1.0
3Hs 0.7040.19 1.0 (0.79) 1.0
Waves TL=500 (MeV)
x2/N=1476/687
3 M
1So -24.3410.38 1.0
3Po -25.2610.34 0.97240.007
3Py -39.48+0.30 0.96110.003
3P, 18.794+0.22 1.0
) -0.03610.32 0.0
D> 13.2410.21 0.853+0.003
3F2 -0.631£0.21 1.0
3F3 -1.6910.23 0.971+£0.002
3F4 4.3840.16 1.0
2 -0.05310.26 0.0
1Ga 2.7840.15 0.999+0.001
3H, 0.5240.18 1.0

N: : Total number of the data.
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