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Direct reconstruction of p-p elastic scattering amplitudes at 1.8 and 2.1 GeV
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The direct reconstruction of the proton-proton elastic-scattering complex amplitudes is carried out at 1.8 and
2.1 GeV. Five independent amplitudes both in helicity and transversity frame were obtained by using an
extensive set of data measured recently at SATURNE Il and by the ERIISY) Collaboration. The real
and imaginary parts of the amplitudes are plotted versus different interpolated c.m. angles for both frames.
Four distinct sets of solutions exist, one of which is chosen on the basis of minjpAum

PACS numbegps): 13.75.Cs, 13.85:t

I. INTRODUCTION constrains the choices of the direction of the quantization

. is, it al h fi li
In spite of the fact that more than three decades havvf%)gr?q’ |1t6at200;<|eftéces the number of independent amplitudes

passed since the first amplitude analysis was performed in 1o 1 1hose of the present article is to report such a com-
elgsuc p-p scattering, a dlrect_reconstructlon of amplltudesp|ete amplitude reconstruction far-p elastic scattering at
s_tlll seems to b.e quite attractive for the following reasonsi g and 2.1 GeV for the entire range of 65° to 101° c.m.
first, the dynammal models have not yet begn ablelto give Usingles measured most recently at SATURNE I in both
a clear picture of nucleon-nucleon scattering which is theransversity and helicity frames.
basic reaction necessary to understand the nature of nuclear
forces. Second, the spin effects of the nucleon constituents
can be investigated in detail by using new polarized beams
and polarized targets and measuring new polarization param-
eters from which amplitudes are nondynamically obtained. The general formalism in which our reaction matrix and
Third, several accelerators have been able to produce pola@bservables are defined has been developed by Moravcsik in
ized beams of protons and neutrons over a wide range dfonjunction with two main collaborators, Csonka and Scad-
energies. Also new target materials have been developd@n in an extensive series of papgdsl]. In particular the
providing better target polarization via the frozen-spin modeondynamical structure of the reaction involving four spin-
[1]. 1/2 pa_rﬂc;les is carried o_ut in Re[f12].. The flrst gmplltude
In the energy range of below 1 GeV fprp elastic scat- analysis involving numerical calculations of five independent
tering, partial wave analysis has successfully provided unan@Mplitudes in such formalism was performed due to avail-
biguous phase shifts as a function of enef@} At higher ~ ability of data from AZGS5]. We do not intend to go into
energies such partial wave analysis is complicd@dand the d.etalls of_thg structure and polarization analysis of the
instead, it is better to obtain the reaction amplitudes by direcéaction matrix, instead we attempt to perform a complete
reconstruction using the optimal formalism of polarization detérmination of the amplitudes after a brief introduction of
analysis[4]. Using such optimal formalism five complete the reaction matrix and observables in order to obtain a gen-
reaction amplitudes were determined at 6 GeV by one of u§ral relationship between the observables and bilinear com-
(N.Gh) using polarization data obtained at the Argonne ZerdPination of amplitudes in thg-p reaction. The standard fac-
Gradient SynchrotroifAZGS) for elastic p-p scattering in ~ torization procedure is used13] by decomposing the
1982[5]. On the basis of such analysis, the Regge pole a&éaction into two constituent reactions, namely target recoil
well as particle exchange models have been tegd (0+1/2-0+1/2) and beam scattered (#B—1/2+0).
Since the shut down of AZGS, this is the first time that an1he outer product of the two constituent reaction matrices
almost complete set of observables is measured d€Sultin acomposite reaction matrix.
SATURNE 1. Let us write the reaction matrix of the first constituent
A complete set of experiments as defined in Réfis an  reaction byM1 where[11]
example of observables to be measured, if it contains suffi-
cient information for an exhaustive description of the inter-
action, i.e., for a complete determination of the complex am- Ml=acl +a,0:1+a,0-m+azo-n, @
plitudes. It has been establishg8l] that ten appropriately , . . ) o .
chosen observables including the differential cross sectioWnereo is Pauli vector matrix for spin 1/2 anidis identity
could form a complete set ip-p elastic scattering from Matrix. Unit vectors, m, andn are defined as
which a direct reconstruction of the scattering matrix ele-
ment can be performed by imposition of only symmetry
propertieq 9]. = Odc—0a = 0aX0qc
The imposition of symmetry constrainfd0] not only [gc—aal’ [aaxqg|’

II. REACTION MATRIX AND OBSERVABLES

n=IxXm, (2)
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where g; are the center-of-mass momenta for the generalhey are a set of 2 matrices specified by the spin of each
reaction particle. The reaction is characterized by the initial and final
density matricep; and p; both being 22 matrices which
describe the initial and final polarization states, respectively.
A+B—C+D. (3)  In terms of the elements we have

Assuming similar results hold for the second constituent re-
action and only rotational invariance, the reaction matrix for pi=p", uv=12, (6)
the composite reaction is

the final density matrix is

M=Dg+Dio(01:1) + Do @1-m) + D3y @71-n) + Doy 02- 1)
pf'=Mp"MT, ()
Do 0 M)+ Dog( 0 n) + Dyl 0y 1) (02 ) and substituting foM from Eq. (5) we get

+ Doy 1) (0 m)+Dyg( 0y 1) (0 n)

=21 2 2 2 DOLHD*(\ 18 p (s )T,
+D2y(01-m) (02 1)+ Do - M) (02-m) RS (8)

Experimental observables are given by the expectation val-
ues of certain spin-momentum tensdétdn the final states
(exit channel. In matrix element notation we denote them by

+Dy3(0y-m)(0,-n)+Dgy(oq-n) (0, 1)

+Dgy(01-n)(03- M)+ Dgg(ay-n)(03-N), (4)

where o, and o, are Pauli matrices for projectile and target F=F%, ¢w=12. 9
particles. The dynamics of the reaction is wholly contained

within the invariant amplitude®’s in Eq. (4). The number Also we denote the experimental observabled bthen

of amplitudes in Eq(4) is 16. In a more compact notation

the first constituent reaction is denoted as
L(uv;éw)=(F5°)

M1=2| > D\, DSY, (5) =Tr(F&pk”)
A

wherel and\ denote the spin component of target and recoil =Tr(Ft“M p'M M, (10)
particles along the quantization ax3(\,l) are amplitudes
and SM are the spin-momentum tensors generally, but hersubstitute Eqs(5) and(7) into Eq. (10) to get

TABLE I. Data set of observables used in the present analysis and their corresponding notations and the
number of data points and their references, as well agtheer number of data, are summarized.

Observables 1.80 GeV 2.10 GeV
Argonne Bystricky ARNDT Ref. Points Ref. Points
o=da/dQ) I 000 do/dQ 15 20 [15] 14
P Aoono=Aoom P [24] 19 [21] 8
CNN Poonn AYY [17] 18 [18] 22
DNN Donon D [22,16 6 [22,16 6
KNN Konno DT [22,16 6 [22,16 6
CSL Poosk AZX [16] 20 [16] 20
CLL Aookk AZZ [19] 19 [19] 18
CsSs Aoss AXX [20] 20 [20] 14
KSS Kos7so RT [16] 3 [16] 3
HSNS Nsso NSSN [16] 3 [16] 3
Total points 134 114
x%/data 1.07 0.83
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TABLE Il. Results of the magnitudes of transversity amplitudes at 1.8 GeV.

Oem |l |8l 7 3] &
65 0.335:0.011 0.30%0.012 0.247%0.015 0.096:0.041 0.068:0.055
67 0.352£0.011 0.3140.012 0.2380.016 0.095:0.040 0.09%0.041
69 0.345£0.013 0.313%0.015 0.211*0.022 0.099:0.047 0.12%0.038
71 0.336£0.014 0.3080.015 0.18%0.026 0.102-0.046 0.13%0.034
73 0.320-0.012 0.2830.013 0.1530.025 0.098:0.038 0.1430.026
75 0.328:0.012 0.2850.014 0.1420.027 0.099:0.039 0.1550.025
77 0.305-0.011 0.287%0.011 0.12%0.025 0.096:0.034 0.1530.022
79 0.310:0.011 0.2930.011 0.136:0.025 0.106:0.033 0.144:0.023
81 0.313:0.010 0.296+0.011 0.1420.022 0.09%:0.032 0.134:0.024
83 0.30x0.010 0.28%0.010 0.1480.020 0.0930.032 0.116:0.025
85 0.324-0.011 0.326:0.011 0.16%0.021 0.10%*0.035 0.115:0.031
87 0.299-0.010 0.29%0.010 0.146:0.021 0.095:0.032 0.106:-0.030
89 0.2970.011 0.30&0.010 0.13%0.023 0.106:0.032 0.114-0.028
90 0.299-0.011 0.30&0.010 0.1290.025 0.0980.032 0.127%0.025
91 0.298:0.011 0.305%0.011 0.1180.027 0.098:0.033 0.13%0.023
93 0.290-0.011 0.3030.011 0.096:0.034 0.098:0.034 0.148:0.022
95 0.318:0.013 0.3330.012 0.106:0.037 0.103:0.039 0.1730.023
97 0.288-0.012 0.302+0.011 0.105+0.031 0.093:0.036 0.156:0.021
99 0.296-£0.013 0.31%0.012 0.12%0.027 0.098:0.034 0.15%*0.022
101 0.291%0.013 0.316:0.012 0.13%0.023 0.099-0.033 0.135:0.024

defined in a way such that the elements of the observable-
bilinear combination of amplitudes matrix is as diagonal as
possible. Thereforey;, ps, and observables all have to be
chosen to be Hermitian. For the composite reaction the reac-
tion matrix is written

L(uu;fw)z}l‘, ; > > DN HD*(NLY)

(KN

X2, % ; % (F9) 5a(SM) aa

M=> > ; ; D(AL,AL)SM® S, (12)

X () ap(S* V- (12) Y 9

Optimal formalism is a particular representation in whichwhereS"' andS*" denote 2<2 spin momentum matrices for
spin-momentum matrix, initial and final density matrices arethe beam-scattered and target-recoil particles, respectively.

TABLE lll. Results of the magnitudes of transversity amplitudes at 2.1 GeV.

Ocm |al Al |7 4] 2]

69 0.296-0.009 0.217%0.012 0.186:0.014 0.125:0.020 0.055:0.046
71 0.292-0.009 0.2230.012 0.1740.015 0.116:0.024 0.064:0.041
73 0.295-0.010 0.2320.012 0.1680.016 0.094:0.029 0.078:0.035
75 0.282£0.011 0.226:0.013 0.162-0.019 0.076:0.039 0.083:0.035
77 0.269-0.011 0.226:0.013 0.158:0.018 0.07%0.038 0.076:0.038
79 0.258£0.011 0.21%#0.013 0.156-0.019 0.092-0.031 0.063-0.045
83 0.236:£0.010 0.205:0.011 0.124-0.018 0.10%0.021 0.078:0.029
85 0.251-0.012 0.2320.013 0.1240.024 0.1240.024 0.105:0.028
87 0.236-0.009 0.228:0.009 0.104:0.020 0.1180.018 0.11%#0.018
89 0.258:0.010 0.256:0.010 0.094:0.026 0.122:0.020 0.13%0.017
91 0.263:0.011 0.2650.011 0.085:0.032 0.098:0.028 0.14%:0.018
95 0.235-0.009 0.252-0.009 0.106:0.021 0.1280.016 0.126:0.017
97 0.1970.009 0.2230.008 0.096:0.018 0.1120.016 0.11$0.015
99 0.226£0.011 0.264-0.010 0.073%0.034 0.109-0.023 0.149-0.017
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FIG. 1. The direct reconstruction of magnitudes of transversity amplitudes at 1.8 and 2.1 GeV. Triangles denote the present results and
the solid lines correspond to the fitted amplitudes of R23).

The initial and final density matrices for the composite reaction to Lorentz invariance upon imposition of all symmetry
tion is also defined in terms of the outer products of theconstraints such as parity, time reversal, and identical par-
constituent initial and final density matrices. Substituting allticles only five independent amplitudes survive, three of
these into Eq(12) generates the complete matrix elements ofwhich are nonflip, and two of which are spin flip in the
the p-p reaction matrix. transversity frame. Depending upon the choice of frame
(transversity or helicity or hybridthe numbers of single-flip
and double-flip are different. First, for simplicity, amplitude
analysis is carried out in the transversity frame in which the

The optimal reaction matrix obtained contains 16 ampli-direction of spin of each particle is normal to the reaction
tudes and 256 hilinear combinations of amplitudes. In addiplane. We denote the invariant amplitudes as follows:

IIl. AMPLITUDE DETERMINATION
AND SYMMETRY CONSTRAINTS
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Ocm. Re a Re B Rey Re d Ree
65 0.193-0.028 0.196:0.023 —0.176:0.096 0.096:0.041 —0.039£0.050
67 0.245-0.022 0.193%0.025 —0.228£0.018 0.09%0.040 0.046:0.034
69 0.223:0.025 0.2240.020 —0.175£0.025 0.09%0.047 0.09%0.035
71 0.203:0.027 0.2540.017 —0.137=0.028 0.102-0.046 0.126:0.034
73 0.222£0.021 0.1780.022 —0.142+0.024 0.098:0.038 0.109:0.022
75 0.2610.016 0.2120.018 —0.135-0.026 0.099-0.039 0.11@0.025
77 0.2370.016 0.2230.015 —0.128+0.025 0.096:0.034 0.0970.020
79 0.248-0.015 0.20%0.018 —0.130£0.026 0.106:0.033 0.09%0.017
81 0.235-0.017 0.2310.015 —0.142£0.023 0.09%0.032 0.086:0.018
83 0.2170.018 0.22Z0.015 —0.146£0.020 0.09%0.032 0.0740.017
85 0.258-0.016 0.245:0.018 —0.167+=0.020 0.10%*0.035 0.0740.020
87 0.226-0.016 0.225:0.016 —0.143+0.020 0.09%0.032 0.0640.020
89 0.218-0.017 0.236:0.016 —0.136:0.023 0.106:0.032 0.07x0.018
90 0.2270.016 0.236:0.016 —0.129+0.025 0.0980.032 0.082-0.016
91 0.199-0.020 0.24%0.015 —0.1170.027 0.0980.033 0.0880.017
93 0.166-0.024 0.2420.015 —0.087£0.033 0.0980.034 0.095:0.033
95 0.253£0.016 0.246:0.020 —0.103£0.036 0.10%0.039 0.11#0.022
97 0.231%0.015 0.20%0.020 —0.104£0.032 0.09%0.036 0.116:0.015
99 0.244-0.015 0.23e&0.019 —0.123£0.028 0.09&0.034 0.09%0.014
101 0.2470.014 0.23Z20.018 —0.139:0.024 0.09%0.033 0.07&0.015
Oc.m. Im « Im B Im vy Im e
65 0.274£0.019 0.23%0.019 0.1730.061 —0.055+0.046
67 0.253£0.020 0.25@:0.019 —0.069+0.062 —0.079t0.043
69 0.262£0.021 0.2190.020 —0.119+0.035 —0.078£0.040
71 0.268-0.021 0.1740.017 —0.121+0.033 —0.069+0.048
73 0.2310.019 0.226:0.018 —0.055£0.017 —0.092£0.020
75 0.1970.018 0.191%0.018 —0.042£0.012 —0.110+0.027
77 0.193:0.017 0.17%0.016 —0.016£0.017 —0.115:0.021
79 0.186-0.017 0.20Z0.017 —0.005£0.027 —0.110+0.019
81 0.206-0.018 0.186:0.017 0.0040.027 —0.103+0.020
83 0.209-0.017 0.184:0.016 0.0230.039 —0.089+0.020
85 0.195-0.017 0.216:0.018 0.028 0.057 —0.088£0.024
87 0.195-0.017 0.1940.017 0.03&0.055 —0.077£0.023
89 0.2010.017 0.1980.017 0.01x0.044 —0.087£0.022
90 0.194+0.017 0.19&80.017 0.0090.046 —0.098£0.019
91 0.2210.018 0.17&0.016 0.0160.039 —0.105:0.020
93 0.238-0.018 0.1820.016 0.03%0.043 —0.114+0.038
95 0.192:0.018 0.2310.019 0.02%0.053 —0.133:0.024
97 0.172-0.016 0.2180.018 0.01x0.052 —0.110+0.015
99 0.168-0.016 0.21%+0.018 0.002-0.042 —0.116£0.017
101 0.154-0.015 0.206:0.018 —0.002+0.031 —0.111+0.020
D(++,++)=a, D(——,——)=8, for these amplitude$14]. The relationship between these
amplitudes and the measured experimental observables are
given as[10]
D(++,——)=y, (13
oP=[al?>~|BI%, (14)
D(+—,+—)=68, D(+—,—+)==.
Of course, other groups use different notation suchiad 5 o=|a|?+ |81+ 2[|y|?+| 8%+ |e|?], (15)
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TABLE V. Results of the real and imaginary partsmfp scattering transversity amplitudes at 2.1 GeV.

Ocm. Re a Re B Rey Re 6 Ree

69 0.279-0.009  —0.214+0.023 0.004-0.005 0.125:0.020 —0.054+0.045
71 0.272:0.009  —0.139+-0.043 0.05%:0.009 0.116:0.024 —0.063£0.040
73 0.195-0.019 0.01¢0.034 0.03%0.011 0.0940.029 —0.078£0.035
75 0.198-0.017 0.106:0.023 0.03e&:0.029 0.076:0.039 —0.082:0.034
1 0.194-0.016 0.1120.020 0.07%0.054 0.07%0.038 —0.075-0.038
79 0.167-0.018 0.091*+0.023 0.147%0.046 0.092-0.031 —0.062+0.044
83 0.125-0.019 0.076:0.023 0.1230.035 0.10%0.021 —0.076-0.028
85 0.108-0.027 0.1150.021 0.11%#0.035 0.1240.024 —0.104£0.027
87 0.116£0.021 0.10&:0.023 0.095:0.028 0.1180.018 —0.1170.018
89 0.129-0.023 0.1140.025 0.09%0.032 0.1220.020 —0.138£0.017
91 0.179:0.017 0.12&0.024 0.08Z0.047 0.09&0.028 —0.149+0.019
95 0.0710.028 0.146:0.020 0.0950.026 0.12&0.016 —0.118+0.017
97 0.053:0.024 0.1530.041 0.096:0.018 0.1120.016 —0.091+0.013
99 0.059-0.028 0.20%0.014 0.0680.031 0.109:0.023 —0.096+0.012
Oc.m. Im « Im g8 Im y Im e

69 —0.099+0.010 —0.035-0.062 0.186:0.014 0.01&:0.012

71 —0.106£0.011 —0.174-0.028 0.165:0.015 0.011*0.013

73 —0.221+0.019 —0.232£0.013 0.164-0.016 —0.0070.009

75 —0.200+0.018 —0.203£0.017 0.15%0.018 —0.022£0.010

77 —0.186+0.017 —0.189+0.017 0.13%0.024 —0.013£0.007

79 —0.197+=0.017 —0.198£0.017 0.03Z20.075 0.01#*0.023

83 —0.193t0.016 —0.191+0.015 0.005:0.076 0.02&:0.008

85 —0.227£0.018 —0.201£0.017 0.04G:0.046 0.018:0.007

87 —0.206£0.015 —0.204£0.015 0.043%0.032 0.016:0.003

89 —0.223£0.017 —0.229+0.016 0.011*+0.048 0.0120.015

91 —0.192£0.017 —0.232£0.017 0.02%0.049 —0.013£0.019

95 —0.224+0.014 —0.205-0.017 0.015:0.042 0.0210.008

97 —0.190+0.012 —0.163:0.081 0.0040.017 0.07%£0.013

99 —0.218+0.014 —0.169:0.016 —0.028+0.056 0.1140.013

PHYSICAL REVIEW C61 064004

aCun=|a|?+| 8%+ 2[ — | y|?+]| 82— |&|?], (16) The five magnitudes are determined uniquely in terms of five
observables as follows:
oDyn=lal>+[B2+2[|yI*=|61*—el?], (1D
g
|a|:_(1+CNN+DNN+KNN+4P)1/2, (24)
oKy=lal>+| B2+ 20— |72 |82+ e[, (18) 212
oC =2 Rea+p)5*+4Ree"y), (19 Jo
|B|= _\/— (1+Cyn+Dynt Kyn—4P)Y2 (29
0Css=—2Rga+B)5*+4 Rge*v), (20
oCLs=2 Im(a=p)o, @Y lvl= f(l Cant Dn— K™ (26
oKse=—2 R a+ B)e* +4 R y5*), (22
Jo
5 (14 Cyn—Dan— K ¥2 2
oHene —2 Rea— B)s* . 23) |6]= 2\/5 NN~ Dun— K (27)
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FIG. 2. The direct reconstruction pf p elastic-scattering transversity amplitudes at 1.8 GeV. The real and imaginary parts of amplitudes
« to & are shown in (mb/stf as a function of the c.m. angle.

Jo termination, since the overall phase is arbitrary, one of them,
le] = —=(1—Cyn—Dnnt K 2 (28  namely#(d), is set equal to zero. Then, using the remaining
2\2 equationg19)—(21), the following relations are obtained for

whereCyn, Dan, Knns @ndP are polarization parameters ¢(a) and 4(B):

measured experimentally over a long period of time at

SATURNE Il for energies 1.8 and 2.1 GeV and center-of-

mass angle between 60° to 100°, awmd the differential oCis |4l

cross-section data are taken from EDD¥S]. For phase de- siné(a)= 2|al|d| +msm¢(ﬂ), 29
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FIG. 3. The direct reconstruction pfp elastic-scattering transversity amplitudes at 2.1 GeV. The real and imaginary parts of amplitudes
« to £ are shown in (mb/stf as a function of the c.m. angle.

oC. —0Css |8] Kss and Hgyg which in turn are related to the center-of-
cosp(a)= “alalla + mCoscﬁ(ﬂ)- (300 mass observables and laboratory recoil afgke Eq.(7.8)
of Ref. [10]]. By eliminating ¢(y) between the two equa-
tions we obtain a relationship betweéites) and the differ-
These nonlinear equations have two solutions each fognced(y)— ¢(e) in which all the other quantities are fixed.
¢(a) and ¢(B). Particularly for some angles there exist no The difference¢(y) — ¢(€) is given in terms ofC  and
solutions and therefore were discardéda) and ¢(B) are  Cgs, wWhich yield two different solutions. Therefore, alto-
given in terms ofC,, , C, s, andCgs. In a similar fashion  gether there are four different sets of phase parameters de-
the two remaining phase#(vy) and ¢(&) are determined termining ¢(e). The best value of(e) is taken to be the
from equations relating them to the laboratory observablesne with minimumy?.
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TABLE VI. Results ofp-p scattering helicity amplitudes at 1.8 GeV.

Ocm Rea Reb Rec Red Ree
65 —0.016+0.029 —0.009+0.016 0.035+0.018 0.121+0.037 —0.250+0.492
67 -0.075+0.169 —0.001+0.003 0.065+0.020 0.198+0.020 —0.248+0.482
69 —0.071+0.158 —0.011+0.021 0.120+0.016 0.196+0.017 —0.202+0.393
71 —0.065+0.147 —0.023+0.044 0.157+0.017 0.192+0.017 —0.174+0.335
73 —0.075+0.163 —0.003+0.010 0.133+0.013 0.177+0.013 —0.166+0.323
75 —0.054+0.122 —0.002+0.005 0.155+0.013 0.191+0.013 —0.180+0.353
77 —0.045+0.105 —0.003+0.008 0.147+0.012 0.180+0.012 —0.179+0.350
79 —0.047+0.109 0.004+0.003 0.145+0.012 0.175+0.012 —0.183+0.357
81 —0.047+0.108 —0.005+0.011 0.138+0.012 0.181+0.012 —0.194+0.380
83 —0.047+0.108 —0.006+0.012 0.121+0.013 0.173+0.012 —0.192+0.376
85 —0.045+0.107 0.005+0.006 0.130+0.017 0.196+0.014 —0.223+0.436
87 —0.038+0.094 0.005+0.121 0.017+0.169 0.014+0.199 0.388+0.151
89 —0.041+0.100 —0.001+0.002 0.132+0.014 0.168+0.013 -0.195+0.381
90 —0.039+0.095 0.001+0.002 0.141+0.014 0.172+0.013 —0.188+0.367
91 —0.040+0.097 —0.011+0.019 0.146+0.014 0.165+0.013 -0.175+0.341
93 —0.038+0.100 —0.014+0.025 0.155+0.016 0.144+0.015 —0.147+0.283
95 —0.035%+0.097 0.010+0.007 0.179+0.017 0.179+0.016 —0.170+0.328
97 —0.044+0.108 0.012+0.006 0.159+0.015 0.171+0.015 —0.154+0.296
99 —0.041+0.100 0.011+0.006 0.155+0.014 0.180+0.013 —0.181+0.352
101 —0.038+0.092 0.013+0.006 0.138+0.012 0.178+0.012 —0.200+0.392
Ocm Im a Imb Imc Imd Ime
65 0.242+0.028 —0.001+0.007 0.187+0.028 0.014+0.026 —0.069+0.085
67 0.131+0.125 0.014+0.028 0.052+0.018 0.121+0.021 —-0.199+0.211
69 0.100+0.095 0.000+0.007 0.022+0.017 0.141+0.016 —0.218+0.223
71 0.084+0.075 —0.013+0.030 0.015+0.018 0.136+0.017 —0.206+0.212
73 0.131+0.125 0.011+0.021 0.039+0.011 0.094+0.011 —0.186+0.191
75 0.131+0.126 0.012+0.025 0.021+0.011 0.063+0.011 -0.173+0.178
77 0.143+0.142 0.003+0.004 0.028+0.011 0.043+0.011 —0.158+0.162
79 0.150+0.143 0.010+0.005 0.040+0.013 0.044+0.013 —0.155+0.159
81 0.151+0.230 0.001+0.003 0.049+0.012 0.045+0.013 —0.147+0.151
83 0.154+0.152 —0.001+0.006 0.066+0.014 0.042+0.016 -0.131+0.138
85 0.161+0.154 0.003+0.004 0.073+0.018 0.045+0.021 -0.133+0.141
87 0.151+0.145 0.000+0.003 0.074+0.017 0.044+0.020 -0.121+0.126
89 0.150+0.146 —0.004+0.011 0.063+0.016 0.050+0.017 -0.137+0.143
90 0.151+0.147 —0.002+0.007 0.054+0.016 0.045+0.017 —0.142+0.148
91 0.160+0.158 —0.012+0.026 0.056+0.015 0.039+0.016 —0.144+0.149
93 0.182+0.179 —0.019+0.040 0.068+0.017 0.029+0.018 —0.142+0.146
95 0.186+0.182 0.003+0.005 0.053+0.019 0.026+0.020 —0.159+0.168
97 0.159+0.156 0.005+0.004 0.049+0.018 0.036+0.019 -0.146+0.151
99 0.154+0.151 0.004+0.004 0.038+0.016 0.036+0.016 —0.152+0.156
101 0.145+0.144 0.004+0.005 0.034+0.013 0.036+0.014 —0.146+0.151

The observables used in the present analysis and theshown in Fig. 1 for both energies. As shown in Fig. 1, our
corresponding different notations of Argon5], Bystricky  calculated amplitudes are compared with amplitudes recon-
[14], Arndt [3], and the number of data points, referencesstruction published recently23]. Real and imaginary parts
and theiry? per number of data points are summarized inof the transversity amplitudes for both energies and the best
Table I. The magnitudes of transversity amplitudes are calsolution are given in Tables IV and V, however, the latter are
culated and the results are given in Tables Il and Il and arglotted in Figs. 2 and 3 for different c.m. angles at both
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TABLE VII. Results of p-p scattering helicity amplitudes at 2.1 GeV.

Ocm Rea Reb Rec Red Ree

69 —0.017+0.043 0.016:0.001 0.054:0.015 —0.075:0.139  —0.104+0.222
71 0.037-0.018 —0.017+0.026 0.084:0.018 —0.081+0.149  —0.092+0.200
73 0.065-0.014 —0.003+0.006 0.081#0.014 —0.052-0.093 —0.120+0.254
75 0.092-0.017 —0.000+0.002 0.087%0.016 —0.020-0.030 —0.138+0.289
77 0.114+-0.024 —0.001+0.002 0.116:0.023 —0.038:0.062 —0.114+0.248
79 0.122-0.025 0.006:0.003 0.1530.024 —0.086-0.156  —0.068+0.165
83 0.0970.024 0.001+0.001 0.1280.022 —0.103-0.191 —0.080+0.181
85 0.104+-0.018 0.006:0.006 0.125:0.018 -0.116-0.221  —-0.111+0.237
87 0.10%0.013 0.006:0.001 0.102-0.013 -0.111+0.212  —-0.124+0.258
89 0.115-0.017 —0.002+0.004 0.09¢:0.017 -0.116-0.221  —0.144+0.300
91 0.143-0.019 —0.010+0.025 0.092-0.020 —0.087-0.161  —0.159+0.329
95 0.098-0.016 0.005:0.004 0.10¢0.015 —0.118-0.227 —0.128+0.266
97 0.089-0.035 0.00%0.013 0.116:0.025 —0.099-0.180 —0.105+0.238
99 0.093-0.019 0.012-0.004 0.106:0.016 —0.071+0.134  —0.134+0.282
Ocm. Im a Im b Imc Im d Ime

69 0.055+0.045 0.1230.006 0.0640.015 —0.122+0.251 0.1310.250
71 0.0070.010 0.1030.105 0.01&0.010 —0.147£0.300 0.1580.305
73 —0.028-0.012 0.044:0.088 —0.035£0.012 —0.198+0.400 0.192:0.374
75 —0.010+0.010 0.025:0.050 —0.032£0.012 —-0.191*+0.383 0.1690.328
77 —0.018+0.012 0.02@:0.041 —0.031+0.014 —-0.170+0.342 0.15%0.298
79 —0.088-0.030 0.0190.039 —0.077:0.029 —-0.109+-0.231 0.12@:0.221
83 —0.104+0.026 0.012:0.007 —0.083-0.027 —0.088-0.192 0.109:0.200
85 —0.096+0.020 —0.002+0.007 —0.078£0.019 —0.118+0.246 0.136:0.258
87 —0.086+0.014 0.004:0.008 —0.076-0.014 —0.119+0.246 0.129:0.248
89 —0.114+0.019 0.004:0.008 —0.102£0.019 —-0.112+0.236 0.125:0.235
91 —0.088+0.021 0.0130.021 —0.101+0.022  —0.124+0.257 0.11#0.205
95 —0.110+0.016 —0.019+0.008 —0.090+0.016  —0.104+0.219 0.125:0.238
97 —0.124+0.039 —0.025+0.047 —0.048-0.043 —0.052+0.130 0.12%:0.231
99 —0.168+0.020 —0.036+0.007 —0.053-0.021 —-0.025-0.067 0.146:0.266

energies. Fortunately thg? for each set of solutions were d, ande. Due to the existence of the relationship between
distinct enough to allow an easy selection of the minimum helicity and transversity amplitudes, four sets of solutions in
In a way this may be an indication of the self-consistency ofthe helicity frame seem to be inevitable. The real and imagi-
the extra and interpolated data set used here. As a check, ooary parts of the best helicity amplitudes have been given in
amplitudes do satisfy the following symmetry relations Tables VI and VII and also plotted in Figs. 4 and 5 for
which are the results of imposing the Pauli principle in thedifferent c.m. angles at both energies.

transversity framé¢14]:

a(0)=pB(m—0),

y(0)=e(m—0),

5(0)=8(m— ).

IV. CONCLUSION

(31) This nondynamical amplitude analysis in optimal formal-

ism at 1.8 and 2.1 GeV allows an accurate determination of
the complex amplitudes in transversity as well as helicity

(32 frame, provided that a complete set of observables is mea-

sured. It is suggested th&l | and Cgg be updated by ex-
perimentalists for more reliable conclusions. In the transver-

(33 sity frame, the magnitudes of the five amplitudes were

obtained without any ambiguity. These magnitudes exhibit

Once the transversity amplitudes have been determine@most the same variations as a function of c.m. angle at both
the helicity amplitudes are easily obtained by the mathematienergies. Phase calculations are confronted with four distinct

cal method described in Rdfl0] and are denoted bg, b, c,

solutions, one of which is selected based on minimum
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FIG. 4. The direct reconstruction @fp elastic scattering helicity amplitudes at 1.8 GeV. The real and imaginary parts of amphktudes

to e are shown in (mb/stf as a function of the c.m. angle.

criteria. Our interpolated data exhibit several imaginary sosess large uncertainties attributed to data points. At both en-

lutions in the range of 60° to 68° c.m. angle at 2.1 GeVergies the magnitudes of two nonfljp| and|y| decrease

which were disregarded. Such unexpected solutions may bguite slowly as the c.m. angles increase. The remaining am-
caused by excess uncertainties in experimental data. The eplitudes vary in different ways. For example, while the non-

ror bars were obtained by the standard error propagatiofiip |3| and double flip|§| are almost independent of c.m.

method and are indicated at each point. As shown at somangled, double flip|e| exhibit some fluctuations in the same
point, error bars are relatively large due to the existence ofngular region. In the helicity frame the real and imaginary
large errors in the corresponding observables. In the helicitparts of all amplitudes for angles larger than 70° are almost

frame, the magnitudes have no ambiguity, but in phase caindependent of c.m. anglé. As is shown in Tables Il and

culation there exist several angles in which some phases poBt, the symmetry relations between the magnitudes of am-
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FIG. 5. The direct reconstruction @fp elastic scattering helicity amplitudes at 2.1 GeV. The real and imaginary parts of amphtudes
to e are shown in (mb/stf as a function of the c.m. angle.
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