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Polarization properties of low energy amplitude for the pN\ppN reaction
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The theoretical study of cross sections for polarized-target measurements ofpN→ppN reactions gives
evidence that the interplay between the strong contribution from the one-pion exchange~OPE! mechanism and
the one from isobar exchanges, which is equally strong within the isobar half-width energy region, must result
in nontrivial polarization phenomena. The Monte Carlo simulations for asymmetries in thep2p↑→p2p1n
reaction atPlab5360 MeV/c with the use of theoretical amplitudes found as solutions for unpolarized data at
Plab,500 MeV/c provide confirmations for a significant effect. The effect is capable of discriminating be-
tween the OPE and isobar exchanges and it is sensitive to the OPE parameters in question. This leads to the
conclusion that the decisivepN→ppN analysis, aiming at a determination ofpp-scattering lengths, must
combine both unpolarized data and polarization information. The appropriate measurements are shown to be
feasible at the already existing CHAOS spectrometer.

PACS number~s!: 13.75.Gx, 13.75.Lb
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I. INTRODUCTION

The pN→ppN reaction is considered to be an essen
source of information onpp scattering. The values o
pp-scattering lengths can give restrictions to values of
effective low-energy parameters of QCD obtained within
framework of chiral perturbation theory~ChPT!, which was
formulated by Gasser and Leutwiller in@1,2# following
Weinberg’s ideas@3–5#. The appearance of the generaliz
ChPT ~GChPT! scheme@6# enhanced interest in thepp in-
teraction because of the difference in the predic
pp-scattering lengths with that given by ChPT.

A review of the experimental opportunities for obtainin
information on thepp interaction and a discussion of th
status of modern experiments planned to test the ChPT
dictions might be found in the talks by Pocˇanić @7,8#. The
investigations ofpN→ppN reactions are pronounced to b
capable of discriminating between the ChPT and GCh
models for low-energy manifestations of QCD. Meanwh
the most recent attempts@9–13# of an analysis of thepN
→ppN data did not provide the necessary accuracy.

Recently we made an attempt to treat a large set of n
threshold data on total cross sections and one-dimensi
~1D! distributions in the energy region 300<Plab
<500 MeV/c @9#. The phenomenological amplitude for th
reactionpN→ppN, taking into account the exchanges ofD
and N(* ) along with the one-pion exchange~OPE! mecha-
nism and polynomial background derived with the acco
of isotopic, crossing,C, P, andT symmetries of strong inter
actions, was fitted to the experimental data. When calcu
ing our amplitude we use the Feynman graphs with the v
texes written in accordance with chiral theory. Of course
used only tree graphs. The polynomial background stands
the far resonances. The appearance of isobar poles in
physical region of the reaction and, in particular, at the v
threshold forces one to extend the standard chiral Lagran
of the pion-nucleon system by including isobars explicit
This eliminates the principal advantages of strict theoret
0556-2813/2000/61~5!/055203~13!/$15.00 61 0552
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calculations over phenomenologically based ones si
plenty of new interaction constants unrestricted by chiral
namics appears to be taken into account. The phenom
logical amplitude can be constructed with account of
symmetries of strong interactions. Hence, the only weakn
of the discussed approach is related to minor control of
amplitude’s imaginary part as compared to calculations
subsequent orders of ChPT. Indeed, an exact constructio
the imaginary part requires information on the phenome
logically unknown processppN→ppN. Nevertheless, the
results of an analysis@14# show that isobar resonances sa
rate the existing data on total cross sections below 1 GeV
corrections to the imaginary part beyond that given by
Breit-Wigner form of resonance contributions seem to
negligible. Nevertheless, we included the imaginary ba
ground in the amplitude.

Though the parameters of OPE are found to be stat
cally significant, thepp-scattering lengths appear differe
in different solutions. The origin of the difficulties is attrib
uted to the influence of isobars. Eight parameters ofppND
and ppNN(* ) interactions, being only weakly constraine
by the widths of decaysD→ppN, N(* )→ppN, strongly
correlate with the OPE parameters in question.

The essential difficulty originates from limitations to da
of unpolarized measurements which cannot discriminate
tween contributions to different spin structures of the re
tion amplitude. Up to now the known polarization measu
ments of thepN→ppN reactions have been performed
considerably higher energies, for example, at 5.98 GeVc
and 11.85 GeV/c @15# and at 17.2 GeV/c @16#. The analy-
ses of the polarized data@17,18# already proved such mea
surements to be detailed sources of information on thepp
interaction.

The main goals of the present paper are to elaborate
theoretical framework for treating the polarization measu
ments ofpN→ppN reactions at low energies and to fin
out the suitable observables. We pay separate attention
study of the principal possibility to perform polarizedpN
©2000 The American Physical Society03-1
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→ppN experiments at the already existing CHAOS sp
trometer@19#. The primary goal is to ensure the solution
an urgent problem: the obtaining of thepp-scattering char-
acteristics with the help of the solid bank of availablepN
→ppN data and simple polarization measurements add

We base our analysis upon the general properties of
pN→ppN amplitude. It describes five charge channels
terms of only four isoscalar functions. Moreover, three
these functions are strongly restricted by crossing symm
to only one independent function~see@20–22#!. To take ad-
vantage of the intimate relations between various chan
we prefer to rely upon the crossing symmetry rather than
partial-wave expansion.

The paper is organized as follows. The content of Sec
reviews the structure of thepN→ppN amplitude. Section
III provides expressions necessary for calculations of cr
sections in experiments with a polarized target. Section IV
devoted to the geometry of devices and analyzed asym
tries. It contains the results of modeling the experimen
measurements with the use of various solutions found in R
@9# for the pN→ppN amplitude. The summary, the con
cluding remarks, and a discussion of implementations
given in Sec. V.

II. GENERAL STRUCTURE OF THE pN\ppN
AMPLITUDE

This short section introduces the basic formulas of Re
@22,9#.

We consider the reaction

pa~k1!1Na~p;l i !→pb~k2!1pc~k3!1Nb~q;l f !, ~1!

where a,b,c51,2,3 anda,b51,2 are isotopic indices o
pions and nucleons, respectively, andl i (l f) are polariza-
tions of initial ~final! nucleons.

Separating the nucleon spinor wave functions from
reaction amplitudeMba

abc(l f ;l i),

Mba
abc~l f ;l i !5ū~q;l f !M̂ba

abc~ ig5!u~p;l i !, ~2!

one can define the isoscalar amplitudesÂ, B̂, Ĉ, D̂ by

M̂ba
abc5Âtba

a dbc1B̂tba
b dac1Ĉtba

c dab1D̂i eabcdba ,
~3!

ta, a51,2,3, being the nucleon-isospin generators. The
plitudes of five observable channels are related toA,B,C,D
by

M̂ $p2p→p2p1n%5A2/2~Â1Ĉ!,

M̂ $p2p→p0p0n%51/2~Â!,

M̂ $p2p→p2p0p%51/2~Ĉ22D̂ !,

M̂ $p1p→p1p0p%51/2~Ĉ12D̂ !,

M̂ $p1p→p1p1n%51/2~B̂1Ĉ!. ~4!
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To simplify the processing of cross sections, the statist
factors accounting for identical pions are inserted into th
definitions. Below, we leave only the charges of the fin
pions as subscripts for the channels.

To decompose each isoscalar functionÂ,B̂,Ĉ,D̂ and each
amplitude M̂X , X5$21n%, $20p%, $00n%, $11n%,
$10p%, into independent spinor form factors let us define t
crossing-covariant complex combinationsk5kR1 ikI , k̄
5kR2 ikI of pion momenta:

k52k11ek21 ēk3 , k̄52k11 ēk21ek3 , ~5!

kR52k12~k21k3!/2, kI5A3~k22k3!/2, ~6!

where e[exp(2pi/3)521/21iA3/2, ē5e* 521/2
2 iA3/2. Thedecomposition reads

M̂X5SX1V̄Xk̂1VXk̂̄1 i /2TX@ k̂, k̂̄#

[S SX

V̄X

VX

TX

D T

•S 1̂

k̂

k̂̄

i /2@ k̂, k̂̄#

D ~7!

~X5$21n%,$20p%,$00n%,$11n%,$10p%!.

Since polarization phenomena are determined by the
terference of real and imaginary parts of the amplitude, i
convenient to deal with the combinations

SX , VX
R[~VX1V̄X!/2, VX

I [~VX2V̄X!/~2i !, TX ,
~8!

which are shown to be approximately real in the energy
gion where unitarity corrections are small~see@21#!. So we
rewrite the decomposition~7! in the form

M̂X5S SX

VX
R

VX
I

TX

D T

•S 1̂

2k̂R

2k̂I

@ k̂R ,k̂I #

D ~9!

~X5$21n%,$20p%,$00n%,$11n%,$10p%!.

The matrix elementuuM uu2 entering the unpolarized cros
section is the sum over final polarizations and the aver
over initial ones. It is the quadratic form of the vector
spinor form factors (SX ,VX

R ,VX
I ,TX):
3-2
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iMXi2[1/2(
l f ,l i

@ ū~q;l f !M̂X~ ig5!u~p;l i !#

3@ ū~q;l f !M̂X~ ig5!u~p;l i !#*

5S SX

VX
R

VX
I

TX

D T

GRS SX

VX
R

VX
I

TX

D *

5S SX

VX
R

VX
I

TX

D †

GRS SX

VX
R

VX
I

TX

D ~10!

~X5$21n%,$20p%,$00n%,$11n%,$10p%!.

The real Hermitian matrixGR is obtained by calculating the
g-matrix traces

GR[
1

2
SpF ~ q̂1m!5

1̂

2k̂R

2k̂I

@ k̂R ,k̂I #
6 ~ p̂2m!g05

1̂

2k̂R

2k̂I

@ k̂R ,k̂I #
6

†

g0G .

~11!

Its explicit expression will be given below; see Eqs.~14!.

III. CROSS SECTION FOR POLARIZED-TARGET
MEASUREMENTS

The origin of the strong correlations between parame
of the OPE and isobar contributions, preventing an accu
determination of thepp-scattering lengths in the unpola
ized experiment, is obvious now. Only the specific combi
tion of the competing contributions given by Eq.~10! can be
measured in such experiments. Bringing this matrix to di
onal form one can realize that any diagonal amplitude
mimic the OPE one outside the region of isobar poles.

Though measurement of the final polarization in thepN
→ppN reaction is implied by the design of the spectrome
AMPIR ~see@23#!, such measurements are hardly to be p
formed in the near future. Therefore, we consider
polarized-target experimental setup. For simplicity, we
sume an ideal polarization. It is easy to generalize our res
to the incomplete polarization due to the linear depende
of all asymmetries upon the polarization vectors. Indeed,
given the nontrivial probabilitieswl1

, wl2
(wl1

1wl2
51)

for the projection of the initial nucleon spin in the directio
ns[s/usu to be l151/2, l2521/2, respectively, any theo
retical result for asymmetry must be derived withusu5ws
52wl1

215wl1
2wl2

. We setws51 in calculations.

The matrix elementiM is
2 is now defined by

iMXis
2[(

l f

@ ū~q;l f !M̂X~ ig5!u~p;l i !#

3@ ū~q;l f !M̂X~ ig5!u~p;l i !#*

5S SX

VX
R

VX
I

TX

D T

GS SX

VX
R

VX
I

TX

D *

5S SX

VX
R

VX
I

TX

D †

G* S SX

VX
R

VX
I

TX

D ~12!
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~X5$21n%,$20p%,$00n%,$11n%,$10p%!.

The Hermitian matrixG[GR1 iGI is given by

G[SpF ~ q̂1mf !5
1̂

2k̂R

2k̂I

@ k̂R ,k̂I #
6

3~ p̂2mi !
11g5ŝ

2
g05

1̂

2k̂R

2k̂I

@ k̂R ,k̂I #
6

†

g0G , ~13!

where the polarization four-vectors equals (0,s) in the rest
frame of the initial nucleon.

The real partGR of this matrix enters the unpolarize
cross section@cf. Eqs.~11! and~13!#. The imaginary partGI
is skew symmetric. These matrices are explicitly given b

GR~1,1!52~2mimf1p•q!,

GR~1,2!54~2miq•kR1mfp•kR!,

GR~1,3!54~2miq•kI1mfp•kI !,

GR~1,4!54~2p•kRq•kI1q•kRp•kI !,

GR~2,2!58~2mimfkR•kR2p•qkR•kR12p•kRq•kR!,

GR~2,3!58~2mimfkR•kI2p•qkR•kI1p•kRq•kI

1q•kRp•kI !,

GR~2,4!58~2miq•kRkR•kI1miq•kIkR•kR2mfp•kRkR•kI

1mfp•kIkR•kR!,

GR~3,3!58~2mimfkI•kI2p•qkI•kI12p•kIq•kI !,

GR~3,4!58~2miq•kRkI•kI1miq•kIkR•kI2mfp•kRkI•kI

1mfp•kIkR•kI !,

GR~4,4!58„2mimfkR•kRkI•kI1mimf~kR•kI !
2

1p•qkR•kRkI•kI2p•q~kR•kI !
2

22p•kRq•kRkI•kI12p•kRq•kIkR•kI

12q•kRp•kIkR•kI22p•kIq•kIkR•kR…,

~14!

GI~1,2!524 eps@p,q,s,kR#,

GI~1,3!524 eps@p,q,s,kI #,

GI~1,4!54 ~eps@p,s,kR ,kI #mf2eps@q,s,kR ,kI #mi !,
3-3
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FIG. 1. Asymmetries for the amplitude solw6 at (s'k1) in the 4p-steradian geometry device~solid circles! and in CHAOS~open
squares!; p2p↑→p2p1n reaction atPLab5360 MeV/c. In the heads of the column in parentheses are printed two vectors describin
asymmetry plane. The abbreviation ‘‘nan’’ denotes that the vector printed on left of the row cannot have asymmetry regarding th
r
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GI~2,3!58 ~eps@p,s,kR ,kI #mf1eps@q,s,kR ,kI #mi !,

GI~2,4!58 ~eps@p,q,s,kR#kR•kI2eps@p,q,s,kI #kR•kR

12 eps@p,q,kR ,kI #s•kR

12 eps@q,s,kR ,kI #p•kR!,

GI~3,4!58 ~eps@p,q,s,kR#kI•kI2eps@p,q,s,kI #kR•kI

12 eps@p,q,kR ,kI #s•kI12 eps@q,s,kR ,kI #p•kI !,

~15!

where the notation

eps@x,y,u,v#[emnrsxmynurvs

is used and the nucleon massesmi , mf are allowed to be
different. The matrix elements in Eqs.~15! are actually or-
dered according to their importance in the near-threshold
gion.

Let us now consider the fixed reaction channel and o
the channel’s subscript in the notation for the vectorM of
form factors~8!. The form factorsVR, VI are obtained by
splitting off the real and imaginary parts in the cros

covariant momenta of the spinor structuresk̂, k̂̄. The form
05520
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factors themselves remain complex:VR[VR
R1 iVI

R , VI[VR
I

1 iVI
I . Consider the real and imaginary parts of the amp

tude:

MR[S SR

VR
R

VR
I

TR

D , MI[S SI

VI
R

VI
I

TI

D . ~16!

Then the matrix element~12! can be rewritten as

iM is
25MR

TGRMR1MI
TGRMI12MR

TGIMI . ~17!

Here, the first two terms on the right-hand side give t
unpolarized matrix element~10!. The effect of polarization is
provided by the third term.

Two conclusions can be immediately derived from th
form and the above explicit expressions for matricesGR ,
GI .

~i! OPE contributes only to the spinor form factorSof the
decompositions~7!, ~9!. Hence, the validity of the assump
tion about OPE dominance means that there cannot be
asymmetry in the reaction cross sections at the ener
where the assumption holds.
3-4
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FIG. 2. Asymmetries for the amplitude solw6 at (suuk1) in the 4p-steradian geometry device~solid circles! and in CHAOS~open
squares!; p2p↑→p2p1n reaction atPlab5360 MeV/c.
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~ii ! It is necessary for the polarization effect that both t
real and imaginary parts of the amplitude remain no
negligible. Fortunately, several partial waves are mixed up
the polarization term of Eq.~17!. So the polarization effec
must manifest itself in asymmetries of cross sections
only at the isobar poles (Plab'500 Mev/c for D and Plab
'660 Mev/c for N(* )) but well below due to the large
widths of these resonances.

We included the polynomial background to the imagina
part of the amplitude in the same manner as in the real p
The parameters of the real and imaginary backgrounds
independent and are determined in the course of experim
tal data fitting. The parameters are bound by the condi
that the amplitude phases at the reaction threshold be e
to P-wave phases of the elasticpN amplitude@24#. So the
imaginary part of our amplitude is not determined entirely
the widths of the resonances.

The rich kinematics of the considered reaction gives r
to an abundance of possibilities for the manifestation of
larization in the polarized-target experiments. There are
distinct structures entering the matrixGI of Eq. ~17!. These
are

eps@p,q,s,kR#523/2 eps@p,q,s,k1#, ~18!

eps@p,q,s,kI #, ~19!
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eps@p,s,kR ,kI #, ~20!

eps@q,s,kR ,kI #, ~21!

eps@p,q,kR ,kI #523A3/4 eps@p,q,k1 ,k22k3#. ~22!

One finds that, depending on the relative strength of fo
factors~16!, any of the above structures can govern the d
cussed effects. Four structures~18!, ~19!, ~20!, and~21!, en-
tering matrix elementsGI(1,2), GI(1,3), andGI(1,4) related
to OPE, are also present in the rest elements given by
~15!. At small q, k2, andk3, the terms~18! and~19! are the
most favorable ones for detecting OPE since extra factor
the same terms inGI(2,3), GI(2,4), andGI(3,4) eliminate
the effect when averaged. At the same time, there is
single term~22! which is specific to non-OPE contribution
only. It can be ‘‘switched off’’ by a (s•kR) factor since the
vector kR belongs to a narrow backward cone at low en
gies. This phenomenon is a characteristic feature of non-O
mechanisms.

Let two vectorsx andy determine the plane (x,y), sepa-
rating ‘‘left’’ and ‘‘right’’ semispheres, andz be some third
vector. Let wz be its azimuthal angle in the plane whic
containsy and is orthogonal to the plane (x,y). The asym-
metry
3-5
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TABLE I. The largest asymmetries forp2p→p2p1n channel atPlab5360 MeV/c. The last-digit
errors are given in parentheses.

Ampl. a0
I 50 a0

I 52 a1
I 51 (s'k1) (s'k1) (suuk1)

4p CHAOS 4p

solw6 0.264 20.008 0.032 0.89(4)(s,q)(k1) 0.91(7)(s,q)(k1) 0.259(4)(q,kI )
(kR)

Expt. 0.26 20.028 0.038 0.70(4)(s,q)(k1) 0.72(7)(s,q)(k1) 0.35(4)(q,kI )
(kR)

ChPT 0.20 20.042 0.037 0.80(4)(s,q)(k1) 0.80(7)(s,q)(k1) 0.40(4)(q,kI )
(kR)

sol06 0.189 20.059 0.054 20.38(4)(s,k1)(kR) 20.40(6)(s,k1)(kR) 0.089(6)(q,kI )
(kR)

sol10 0.172 20.043 0.050 20.41(3)(s,k1)(q) 0.39(4)(s,q)(k1) 0.133(3)(q,kI )
(kR)

sol03 0.069 20.057 0.045 20.29(3)(s,k1)(q) 0.25(4)(s,q)(k1) 0.265(8)(s,kI )
(k2)

sol11 0.067 20.077 0.047 0.48(3)(s,k1)(q) 0.52(5)(s,k1)(q) 0.224(7)(q,kI )
(kR)
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A(x,y)~wz![
s~wz!2s~2wz!

s~wz!1s~2wz!
~23!

shows the relative value of the polarization term of Eq.~17!
with respect to unpolarized cross sections. Obviously, s
eral asymmetries must be observed to detect the influenc
all of the above structures~18!–~22!.

It was already pointed out in the beginning of this sect
that the above formulas~12!, ~13!, ~14!, ~15!, and ~17! re-
main valid for incomplete polarization of the target, the ve
tor s[si being recognized as the polarization vector of t
density matrixr i for the initial nucleon. The density matri
for the final nucleonr f[

1
2 (q̂1mf)(12g5ŝf) is given by

r f5
~ q̂1mf !M̂ ~ ig5!r ig0~ ig5!†M̂†g0~ q̂1mf !

Sp@~ q̂1mf !M̂ ~ ig5!r ig0~ ig5!†M̂†g0#
. ~24!

The expression for the polarization vectorsf takes the form

sf
m5

1

2mf

MTFmM*

MTGM*
, ~25!

whereG is given by Eqs.~13!, ~14!, and~15! and the array of
matricesFm can be calculated as

Fm[SpF ~ q̂1mf !5
1̂

2k̂R

2k̂I

@ k̂R ,k̂I #
6

3~ p̂2mi !
11g5ŝi

2
g05

1̂

2k̂R

2k̂I

@ k̂R ,k̂I #
6

†

g0~ q̂1mf !g5gmG .

~26!

The calculation with the use of the standard high-ene
physics package of computer algebra@25# is straightforward,
the result being too cumbersome to be displayed here.
05520
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The values ofsf and A(x,y)(wz) are defined over four-
dimensional phase space of the considered reaction.
makes it difficult to display such quantities visually. Below
we consider asymmetries which are integrated as over ‘
ange lobules’’ ofwz bins, z being a selected momentum, a
well as over the allowed range of the rest momenta. T
averaging suppresses the polarization effect. The suppres
depends upon the kinematical symmetry of the conside
amplitude: the more symmetry displayed by the amplitu
the less the value of the averaged asymmetryA(x,y)(wz) ob-
tained. It was shown in Ref.@21# that the form factorsS, VR,
VI , andT of isoscalar amplitudesA, B, C, andD had definite
properties under permutation of nucleonsp↔2q due to
charge-conjugation symmetry, the properties ofD-amplitude
form factors being opposite to the ones of the correspond
form factors of the rest isoscalar amplitudes. Another sy
metry of particle momenta, which eliminates kinematical d
grees of freedom, is related to Bose statistics of ident

FIG. 3. Normalized theoretical distributions in the azimu
angle ofk1 projected onto the plane throughq and orthogonal to the
plane (s,q) for the amplitude solw6 at (s'k1) in the 4p-steradian
geometry device~solid circles! and in CHAOS ~open squares!;
p2p↑→p2p1n reaction atPlab5360 MeV/c.
3-6
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FIG. 4. Asymmetries for the amplitudes sol06~open circles!, sol03~open squares!, sol10~open triangles!, and solw6~solid circles! at
(s'k1) in the 4p-steradian geometry device;p2p↑→p2p1n reaction atPLab5360 MeV/c.
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pions in $11n% and $00n% channels. The expressions fo
channel amplitudes given by Eqs.~4! show that the asymme
tries for the above two channels suffer more from the d
cussed degeneracy than the asymmetries of the chan
$60p%. Being free from the degeneracy, these channels
display less suppression under averaging. It is obvious
the rare events in the reaction represent the only reason
considering the integral quantities.

IV. SIMULATION OF DATA AND RESULTS

It is found necessary to study asymmetries of cross s
tions with respect to various planes in momentum space.
complicated form of the phenomenological amplitude ma
it impossible to perform an analytic investigation of the p
larization term of the matrix element~17!. In the absence o
real experimental measurements, we perform theore
simulations. Prior to a discussion of their details given b
low, let us briefly consider the geometry of the existi
CHAOS device which is capable of providing the necess
measurements~for more details see@19,26,27#!.

The cylindrical dipole magnet, producing a vertical ma
netic field, is the largest part of the CHAOS spectrometer
polarized target is exposed to the horizontal pion beam.
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target is inserted through the 120 mm caliber hole along
magnet’s symmetry axis. So the target is placed at the ce
of the cylindrical space between the magnet poles, the p
diameter being 950 mm. Four cylindrical chambers are s
rounding the target: the most inner WC1 and WC2 are f
multiwire proportional chambers; WC3 and WC4 are t
drift chambers.

The ring of gain-stabilized counter telescopes constitu
the outside layer of detectors. These counters determin
vertical acceptance of67°. In the horizontal plane~CHAOS
plane!, there are deadened regions of WC3 and WC4 at n
row angles ('36° in total! where the beam enters and ex
the device. This causes a difficulty for tracking and parti
identification for some events. The angle and moment
value of an outgoing charged particle hitting only WC1 a
WC2 and missing WC3 and/or WC4 are correlated beca
of the magnetic field present. We neglect this effect and s
ply set the horizontal acceptance to 360°. Apart from g
metrical cuts, no extra factors such as efficiencies of re
tration, etc., are involved in our simulations for simplicity

Though some structures of polarized cross sections,
that of Eqs.~19! and~22!, have no explicit dependence upo
the relative orientation of the nucleon-spin vectors and the
beamk1, we consider two basic variants with respect to th
3-7
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orientation in the laboratory system. This is natural for t
design of experimental devices and this is convenient
data simulations as well. Sos is chosen to be orthogonal t
the beamk1 and to the CHAOS plane in the first varia
(s'k1) ands is chosen to be parallel to the beamk1 in the
second variant (suuk1).

The Monte Carlo events for the reaction channelp2p↑

→p2p1n are generated at the beam momentum se
Plab5360 MeV/c. Few control runs are performed also f
the rest channels at the same energy. We consider the
muth angle in the plane orthogonal to (x,y) through the vec-
tor y. The angle is counted out from the directiony. The bins
for this angle are filled with the selection of events~a! with-
out geometrical restrictions and~b! with restrictions of
CHAOS geometry~CHAOS is hit by 46 307 events from th
requested amount of 2 000 000!.

A list of examined asymmetriesA(x,y)(wz) can be ob-
tained from the headings of Figs. 1 and 2. For obvious g
metrical reasons the list for the variant (suuk1) is truncated.
The list is far from being complete combinatorically. Neve
theless, it is sufficient to display the role of distinct structu
and to demonstrate the tight relations between quantities
A(s,k1)(wq) andA(s,q)(wk1

).
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The building of the phenomenologicalpN→ppN ampli-
tude is an approach which in principle allows one to det
mine the parameters of thepp amplitude. But it turned out
to be impossible to perform it without polarization obser
ables. The serious difficulty was the appearance of a lo
solutions with nonphysical values ofpp-scattering lengths.
We would like to demonstrate now which measurement
asymmetry can resolve this problem to some extent.

Many amplitudes forpN→ppN reactions, all of which

TABLE II. Modern three sets ofpp amplitude parameters.

Expt. ChPT GChPT

a0
I 50 0.26 0.20 0.263

b0
I 50 0.25 0.25 0.25

a0
I 52 20.028 20.042 20.027

b0
I 52 20.082 20.073 20.079

a1
I 51 0.038 0.037 0.037

b1
I 51 0.0048 0.0054

a2
I 52 0.0017 0.0018

b2
I 52 0.00013 0.00021
FIG. 5. Asymmetries for five solutions with the OPE parameters belonging to the ‘‘ChPT’’ set at (s'k1) in the 4p-steradian geometry
device;p2p↑→p2p1n reaction atPlab5360 MeV/c. The solid line marks the solution with bestx2. The asymmetries for (q,k1) (q,kIm)
(k2 ,k3) planes are near zero and not drawn.
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FIG. 6. Asymmetries for five solutions with the OPE parameters belonging to the ‘‘ChPT’’ set at (suuk1) in the 4p-steradian geometry
device;p2p↑→p2p1n reaction atPlab5360 MeV/c. The solid line marks the solution with the bestx2.
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but one being found as solutions of an analysis@9# of unpo-
larized data, are used as theoretical input. These solution
practically equivalent by thex2 criterion. Such properties o
solutions likex2, errors of parameters, etc., are irrelevant
simulations. We show only specific values ofpp-scattering
lengths in Table I. The ordering of solutions in this table
performed according to the value ofa0

I 50. This reflects the
role of OPE in the given amplitude: it is negligible for am
plitudes at the bottom of Table I. The discussed amplitu
can be split into two classes: thephysicalamplitudes, which
support the sequence of signs$ ‘‘ 1,’’ ‘‘ 2,’’ ‘‘ 1 ’’ % for
scattering lengthsa0

I 50 ,a0
I 52 ,a1

I 51, and the rest amplitudes
which we callunphysical. In Table I we display onlyphysi-
cal amplitudes.

The amount of obtained data is too large to be displa
here. Table I collects the largest values of integral asym
tries found for the discussed amplitudes. Sometimes, a lo
value is given if it is characterized by a better accuracy. T
given errors are only statistical ones. This can help to e
mate what number of experimental events is sufficient
detect the asymmetry in question.

In any case this table is not our guess about the poss
values ofpp-scattering lengths. On the contrary, it demo
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strates that we cannot determine them without additional
perimental data.

All data for asymmetries were also represented in grap
cal form. Only a few of them are shown in Figs. 1–8 f
illustrative purpose. The figures are organized as a qu
table. Its columns correspond to various planes regardin
which asymmetry is measured. Two vectors, which de
mine this plane, are printed in brackets at the top of
column. The rows of these quasitables correspond to vec
whose asymmetry as a little picture is shown in the cell a
small graph. For some elements of this quasitable the as
metry does not exist because the vector row lies in the as
metry plane. This case is marked by the abbreviation ‘‘na
which we borrow fromUNIX and which means ‘‘no a num
bers.’’

For example, a comparison of Fig. 1 with Fig. 2 helps
make conclusions on the role of the initial-spin orientati
and on different properties of CHAOS selections.

The collection of figures is found to have a striking pro
erty: all solutions, being indistinguishable byx2 in the
course of analysis@9#, appear to be different.

Examination of the figures shows also that the asymm
tries A(s,q)(wk1

), A(s,q)(wkR
), andA(s,k1)(wq) are character-

istic of the OPE mechanism. These asymmetries beco
3-9
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FIG. 7. Asymmetries for three solutions with the OPE parameters belonging to sets ‘‘ChPT,’’ ‘‘GChPT,’’ and ‘‘Expt’’ and bestx2

criteria within the each set at (s'k1) in the 4p –steradian geometry device;p2p↑→p2p1n reaction atPlab5360 MeV/c. The asymme-
tries for (q,k1) (q,kIm) (k2 ,k3) planes are near zero and not drawn.
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smaller and other asymmetries start to appear when on
going from solutions at the top of Table I to solutions at t
bottom, i.e., ‘‘switching off’’ the OPE contribution.

Another important feature of the obtained data is rela
to the unresolved ambiguity between the physical and
physical solutions. It is found that the latter develop sma
asymmetries. Generally, the asymmetries for unphysical
lutions are more difficult to detect, since they peak in t
narrow angles characterized by low cross sections. In c
trast, when asymmetries for physical amplitudes reach
maximal values, the curves are gently sloping. The abso
maximumA;1 found corresponds usually to directions wi
small cross sections@see the distributions atw540° given in
Fig. 3; the corresponding asymmetryA(s,q)(wk1

) can be
found in Fig. 1#. There are enough statistics for the near
angles to detect the relatively high value of such asymme
for example, atw;20°; see Fig. 3.

When putting aside the last amplitudes from Table I a
splitting the rest into physical and unphysical groups, a re
lar behavior of the figures with the parametera0

I 52 can be
found in both groups. This is demonstrated by Fig. 4, wh
the asymmetries for physical amplitudes sol06, sol03, so
and solw6 are shown at (s'k1). The almost smooth transfor
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mation of one picture into another is clearly seen for asy
metries, which are relevant to OPE. This regularity and
absence of the same regularity fora0

I 50 variation can be
interpreted as indirect evidence in favor of smaller pertur
tions by isobar contributions to the isospinI 52 amplitude.
However, poor asymmetries from OPE and the rich rest o
obtained for thep1p↑→p1p1n channel do not suppor
this.

These conclusions are valid for measurements w
(s'k1) in devices with 4p-steradian geometry and in th
CHAOS device as well. Moreover, the CHAOS geome
selects events displaying larger asymmetries, though at
price of lower statistics.

The asymmetries for the setup (suuk1) are rich and infor-
mative for the 4p-steradian geometry of a hypothetical d
vice. Here, the asymmetriesA(q,k1)(wz), A(q,kI )

(wz), and

A(k2 ,k3)(wz) (z5k1 ,k2 ,k3 ,kR ,kI ,q), all of which are almost

flat for a (s'k1) setup, look much more vivid~cf. Figs. 1 and
2!. According to the criteria of Sec. III, the ‘‘switching off’’
effect of (s•kR); 2(s•k1)50 must be solely due to non
OPE mechanisms in the test amplitudes. These are ind
present in all discussed solutions.
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FIG. 8. Asymmetries for three solutions with the OPE parameters belonging to sets ‘‘ChPT,’’ ‘‘GChPT,’’ and ‘‘Expt’’ and bestx2

criteria within each set at (suuk1) in the 4p-steradian geometry device;p2p↑→p2p1n reaction atPlab5360 MeV/c.
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When projected to CHAOS, all examined asymmetries
(suuk1) appear to be consistent with zero. This is not so s
prising, since, for the (suuk1) setup, practically all interesting
events happen in the plane which is orthogonal to the be
k1. Most such events avoid CHAOS chambers. Though
cross sections themselves are found to be sensitive to
tested amplitudes in the forward and backward cones,
difficult to evaluate the importance of such data. One c
recall that the above critical plane is entirely accepted by
wire-chamber space of the design for the AMPIR spectro
eter @23#. This remarkable complementarity of CHAOS an
AMPIR devices makes a promise for exhaustive investi
tions of polarization effects inpN→ppN reactions at low
energies.

The selection of solutions which havepp-scattering
lengths close to the values usually accepted cannot res
the ambiguity problem. To check this we have made a fi
the experimental data without polarization observables w
an amplitude which had thepp-scattering lengths fixed by
the values taken from the modern literature. We used th
sets of such values taken from@28#. We present these value
in Table II. For each set we made 100 random starts.
each set we have obtained five different solutions. For e
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set we calculated asymmetries. Figures 5 and 6 show
asymmetry forpp parameters from the set ‘‘ChPT.’’ It is
seen that various solutions generate quite different asym
try pictures. So the criterion of ‘‘reasonableness’’ ofpp
parameters is not sufficient to make a decision whether
solution is good or bad.

Figures 7 and 8 demonstrate the asymmetries for th
amplitudes, each of which is the best byx2 criteria within
eachpp set. The difference between the asymmetries, g
erated by these three amplitudes, is very small, so it is d
cult to hope that asymmetry measurements will help us
make a choice between ChPT and GChPT theories.

We finish the discussion of results by recalling that the
are simplifications in the procedure. The incomplete pol
ization in the real experiment can decrease the absolute
ues of the shown asymmetries by a few percent. The r
device efficiency and the reduced experimental statis
enlarge errors. The number of generated events in sim
tions (;43104 hitting CHAOS! represents the lowest limi
ever attainable experimentally. Provided no confident re
is obtained, the problem of polarization phenomena be
the isobar thresholdPlab,500 MeV/c would be closed. The
rich picture of effects displayed by almost every amplitude
3-11
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Plab5360 MeV/c is far above cautious expectations. T
magnitude of statistical errors given in Table I demonstra
that the number of experimental events which is necessa
detect the discussed phenomena and discriminate betw
competing contributions can be decreased by an orde
magnitude. It must be noted that the reaction chan
p2p↑→p2p1n is not the best one with respect to the int
gral asymmetries examined in this section. Simulations w
some selected amplitudes show the following order of p
erence: p1p↑→p1p0p, p2p↑→p2p0p, p2p↑

→p2p1n, p1p↑→p1p1n, p2p↑→p0p0n. This means
that the neutral channel requires full-kinematics measu
ments for detecting asymmetries in distinct regions of
entire phase space.

V. CONCLUSIONS

The main achievement of the present paper is the dem
stration of the striking efficiency of the polarization measu
ments forpN→ppN reactions in the energy region ver
close to threshold. Such measurements are feasible with
use of the CHAOS spectrometer right now. This is shown
the framework of the standard formalism adjusted to the
nonical form of thepN→ppN amplitude@20,22#.

The motivation for such experiments follows from th
disappointing difficulties encountered within the framewor
of all known methods for an analysis of low-energypN
→ppN data. The deep reason for the difficulties in the
terpretation of thepN→ppN results is related to the ver
nature of the unpolarized data which cannot help in discri
nating between thet-channel mechanism of OPE and isob
exchanges.

The competition between OPE and the rest mechani
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of the pN→ppN reaction, preventing an accurate determ
nation of thepp interaction with the help of unpolarize
data, at the same time gives rise to extremely rich polar
tion effects within the half-width isobar region.

The effects are found to be sensitive to the OPE para
eters in question as well as to details of isobar interactio
All equivalent solutions of Ref.@9# appear to be different in
the asymmetry picture. Therefore, any project of the de
mination of the parameters of thepp interaction with the
help of pN→ppN data must assume the polarization me
surements. The yield for a decisivepN→ppN analysis
must combine both unpolarized data and polarization inf
mation.

Application of the results of the present paper is straig
forward within our approach. It is simple to find that a
asymmetries vanish in the extrapolation points specific
Chew-Low methods. This can help to estimate a part of
theoretical error characteristic of the method. Indeed, p
vided the data of polarized-target experiments are collec
separately from right and left semispheres with respec
(s,k1), (s,q), or (q,k1) planes, an estimate of the error
obtained by independent extrapolations.
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