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Polarization phenomena in the reactionp¿a\p¿p0¿a
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We present a general analysis of polarization phenomena for three-body processes~in noncoplanar kinemat-
ics!, in terms of aP- and T-odd acoplanarity parameter. The spin structure of the matrix element and the
polarization phenomena contain new contributions, with respect to binary processes, which can be conve-
niently expressed as functions of this parameter. We apply this formalism to the reactionp1a→p1p0

1a, in view of characterizing the different mechanisms involved and studying the excitation of the Roper

resonance. We find that the polarization transfer coefficientDnn , wherenW is normal to the proton scattering
plane, is especially sensitive to the spin of the exchanged particle.
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I. INTRODUCTION

Experimental studies at the Saturne National Laborat
@1# have shown that the reactionp1a→p1p01a may be
very selective for the excitation of the Roper resonance
general description of this reaction must deal with three p
ticles in the final state and, therefore, with noncoplanar ki
matics. In order to disentangle the reaction mechanisms,
larization phenomena are very useful, and in this ca
relatively simple, as only protons have nonzero spin.

This process has been considered in Ref.@2#, where the
polarization transfer coefficientDnn , from the initial to the
final proton, has been calculated in a particular kinemat
related to the emitteda particle. The authors showed th
this polarization observable is especially sensitive to the r
tive role of two main mechanisms forp1a→p1p01a
~Fig. 1!: the excitation of Roper resonance~throughs ex-
change@2#! and the Deck mechanism@3# (D excitation of the
a particle, throughp andr exchanges!.

Here we give a general formalism for the study of pol
ization phenomena in three body reactions, which apply
any kinematical conditions. Our aim is to find general pro
erties, independently from the reaction mechanism. We
then apply our calculation top1a→p1p01a and com-
pare polarization phenomena for different meson exchan
in Roper excitation, in particular forv exchange, which is, in
our opinion, the most probable mechanism in particular
high energies@4#.

II. NONCOPLANAR KINEMATICS

The main feature of a process with three particles in fi
state 112→31415 is the noncoplanarity of the kinema
ics. This can be expressed, for the case ofp1a→p1p0

1a, introducing the following combination of three
momenta:

*Permanent address: National Science Center KFTI, 310
Kharkov, Ukraine.
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qW •pW 13pW 2

E1E2Ep
,

where pW 1 and pW 2 are the three-momenta of the initial an
final proton,qW is the three-momentum of the produced pio
andE1 , E2 , Ep are the corresponding energies. This expr
sion enters in the definition of all five independent kinema
cal variables which are necessary for the complete desc
tion of a process 112→31415. These variables can b
chosen in the following way~using notations of four-
momenta as illustrated in Fig. 1!: s5(k11p1)2 is the square
of the total energyW of the colliding particles,s5W2, in the
center-of-mass system;w1

25(q1p2)2 is the square of the
effective mass of the producedp1p system. w2

25(q
1k2)2 is the square of the effective mass of the produc
a1p system.t5(p12p2)2 is the four-momentum transfe
square ~from the initial to the final proton!; P
5emnabp1mp2nk1ak2b is the relativistically invariant gener
alization of the acoplanaritya, which was previously de-
fined.

The variablea is connected with the azymuthal anglef,
between the two reaction planes which characterize the
cessp1a→p1p01a : one plane is the scattering plane

8
FIG. 1. Feynman diagrams corresponding to the mechani

discussed in the text, forp1a→p1p01a: Deck mechanism~a!,
nucleon excitation~b!.
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the proton~i.e., the plane defined by the three-momentapW 1

andpW 2) and the other is the plane defined by the pion thr
momentumqW and the transferred momentumpW 5pW 12pW 2.
The anglef can be identified with the Treiman-Yang ang
@5#, which is currently used in the description of the prop
ties of one-meson exchange in high-energy collisions. T
angle is also convenient for the description of the poss
mechanisms for the Roper excitation, inp1a→p1p0

1a. It is important to mention that the parametera is not
only a pseudoscalar quantity, but it is aT-odd variable, as it
is the product of 3 three-momenta.

The noncoplanarity of the general kinematics for 112
→31415 results in specific properties of the helicity am
plitudes and consequently in the polarization phenome
different from the binary collisions, as 112→314. To il-
lustrate this, let us note, as an example, that inp1a→p
1p01a, the vector of polarization of the final proton ca
have, in the general case, all nonzero components. On
opposite, for any 112→314 process, the proton polariza
tion ~for a P-invariant interaction! has only one nonzero
component along the normal to the scattering plane, du
the presence of only one reaction plane.

Therefore the polarization of the final proton can be p
rametrized in the following general form:

PW 5nW Pn1a~mW Pm1kW Pk!, ~1!

where the unit vectorsmW , nW , and kW are defined asnW 5pW 1

3pW 2 /upW 13pW 2u, kW5pW 1 /upW 1u, mW 5nW 3kW , andPn , Pm , andPk
are the three independent and nonzero components o
final proton polarization vector. The componentsPm andPk
appear multiplied by the parametera, therefore noncontrib-
uting in the case of coplanar kinematics.

III. GENERAL FORMALISM

The presence of the noncoplanarity (aÞ0) has to be
taken into account in establishing the spin structure of
matrix element forp1a→p1p01a. If the P invariance of
the strong interaction holds, the matrix element is descri
by the following general parametrization~in the c.m.s. of the
considered reaction!:

M5x2
†@sW •mW f 11sW •kW f 21a~ i f̃ 11sW •nW f̃ 2!#x1 , ~2!

wherex1 andx2 are the two-component spinors of the pr
tons in the initial and final states;f 1 , f 2 , f̃ 1, and f̃ 2 are the
scalar independent amplitudes forp1a→p1p01a, which
are functions of the five kinematical variables, defin
above. TheP invariance of the strong interaction requir
that all these amplitudes are even functions of the variabla.
Such construction of the matrix element results in spec
properties of the helicity amplitudesFll8 ~wherel and l8
are the helicities of the initial and the final proton! for non-
coplanar collisions: in case of binary processes 112→3
14 @6#, the P invariance implies thatuF2l2l8u5uFll8u,
while for the processp1a→p1p01a, amplitudes with
opposite sign of helicities are different. Therefore the nu
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ber n of independent helicity amplitudes for 112→314
15 is given, in general, byn5(2s111)(2s211)(2s3
11)(2s411)(2s511), wheresi is the spin of thei th par-
ticle. This number is, as a rule, twice smaller for coplan
kinematics.

Using the parametrization~2! we can calculate any polar
ization observable in terms of the scalar amplitudes and
the parametera. For example, the dependence of the diffe
ential cross section on the polarizationPW of the proton beam,
in the general case of noncoplanar kinematics, is charac
ized by three independent analyzing powers, i.e.,

ds

dv
~pW a→pp0a!5S ds

dv D
0

3@11nW •PW An1a~mW •PW Am1kW•PW Ak!#,

~3!

where (ds/dv)0 is the differential cross section~with unpo-
larized proton beam! and dv is the element of the phas
space for the three-particle final state.

For the analyzing powersAn , Am , andAk the following
expressions can be found~after summing over the polariza
tion states of scattered protons!:

AnS ds

dv D
0

522 Im~ f 1f 2* 1a2 f̃ 1 f̃ 2* !,

AmS ds

dv D
0

52 Im~ f 1 f̃ 1* 2 f 2 f̃ 2* !, ~4!

AkS ds

dv D
0

52 Im~ f 1 f̃ 2* 1 f 2 f̃ 1* !,

S ds

dv D
0

5u f 1u21u f 2u21a2~ u f̃ 1u21u f̃ 2u2!.

The dependence of the components of the final pro
polarizationPW f on the initial polarizationPW can be param-
etrized in the following way:

mW •PW f5DmmmW •PW 1DmkkW•PW 1aDmnnW •PW ,

nW •PW f5aDnmmW •PW 1aDnkkW•PW 1DnnnW •PW , ~5!

kW•PW f5DkmmW •PW 1DkkkW•PW 1aDknnW •PW ,

whereDi j , i , j 5m,n,k, are the coefficients of polarizatio
transfer from the initial to the final proton. All contribution
in Eq. ~5!, which are proportional to the noncoplanarity p
rametera cannot be present in the corresponding formu
for the binary process 112→314. Equations~5! can be
applied to binary processes, after settinga50, but in non-
coplanar kinematics the number of independent coefficie
of polarization transfer is larger.

Using the suggested parametrization of the spin struc
of the noncoplanar matrix element forp1a→p1p01a,
1-2
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Eq. ~2!, the following expressions for the coefficientsDi j can
be given, in terms of the scalar amplitudesf i , f̃ i , and the
parametera:

DnnS ds

dv D
0

52u f 1u22u f 2u21a2~ u f̃ 1u21u f̃ 2u2!,

DmmS ds

dv D
0

5u f 1u22u f 2u21a2~ u f̃ 1u22u f̃ 2u2!,

DkkS ds

dv D
0

52u f 1u21u f 2u21a2~ u f̃ 1u22u f̃ 2u2!,

DmkS ds

dv D
0

52 Re~ f 1f 2* 1a2f 1f 2!,

DkmS ds

dv D
0

52 Re~ f 1f 2* 2a2 f̃ 1 f̃ 2* !,

DmnS ds

dv D
0

52 Re~ f 1 f̃ 2* 2 f 2 f̃ 1* !,

DnmS ds

dv D
0

52 Re~ f 1 f̃ 2* 1 f 2 f̃ 1* !,

DnkS ds

dv D
0

52 Re~2 f 1 f̃ 1* 1 f 2 f̃ 2* !,

DknS ds

dv D
0

52 Re~ f 1 f̃ 1* 1 f 2 f̃ 2* !.

From the expression for the coefficientDnn , one can see tha
Dnn521, for coplanar kinematics (a50). This is a known
result @7#, which follows from theP invariance of strong
interaction and this result is valid for any amplitudesf 1 and
f 2 and for any model of the considered process and for
kinematical conditions, provideda50. In noncoplanar kine-
matics, in general, the presence of noncoplanar amplitu
givesDnn>21, therefore the quantity 11Dnn characterizes
the relative role of noncoplanar amplitudesf̃ 1 and f̃ 2. We
will show later that different mechanisms forp1a→p
1p01a are characterized by a different relative role of no
coplanar amplitudes and will give different values ofDnn .

Note that our choice of coordinate frame differs from R
@2#, because it is more convenient for a generalized treatm
of polarization phenomena in the noncoplanar regime. T
situation is essentially simplified in the case of collinear
nematics for the considered process, when all three part
move along the initial three-momentum of the proton bea
In this case the matrix element reduces to

Mcol5x2
1sW •kWx1f ~E1 ,E2 ,Ep!,
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where f is the single collinear amplitude, which is, in th
general case, a function of three energies: the energies o
initial and final proton and the energy of the produced pio

The presence of a single and specific spin structure of
matrix element in collinear kinematics means that all pol
ization phenomena can be predicted exactly, in a model
dependent form

Dmm5Dnn52Dkk521,

and all other polarization observables have to be identic
zero, due to the azimuthal symmetry of the collinear kin
matics. This result, which is derived in a straightforward w
in our formalism, definitely shows that measurements of
larization phenomena in collinear kinematics are not intere
ing, as they are insensitive to the reaction mechanism
other words, all possible reaction mechanisms give the s
spin structure, so their relative role cannot be disentang
by measuring polarization observables. Different mec
nisms give different contributions to the amplitud
f (E1 ,E2 ,Ep), but only the cross section is sensitive to th
amplitude.

IV. COMPARISON OF DIFFERENT MECHANISMS

Let us consider now the properties of the scalar am
tudes and the polarization phenomena for the processp1a
→p1p01a, for both mechanisms illustrated in Fig. 1. Fo
lowing Ref. @2#, the Deck mechanism results fromp andr
exchanges, but the Roper excitation is induced bys ex-
change. From the general properties ofpa scattering~for the
Deck mechanism! and of the processs1N→N1p ~for the
Roper excitation!, one can easily show that both noncoplan
amplitudesf̃ 1 and f̃ 2 are zero fors as well asp, indepen-
dently on their parametrizations. Therefore, the full mat
element~in such approximation! for p1a→p1p01a, has
the same structure as for coplanar kinematics, with two
dependent amplitudesf 1 and f 2, only. The numerical values
of these amplitudes and their dependence on the kinema
variables have to be different fors andp exchanges. But for
any amplitudesf 1 and f 2 the polarization phenomena hav
following general properties.

Dnn51, in the whole region of kinematical variables~for
coplanar and noncoplanar kinematics!. Let us stress once
more, that because our choice of coordinate frame is dif
ent than Ref.@2#, the coefficientDnn differs from theDnn
defined in Ref.@2#.

The polarization of the final proton has only one nonze
component, in thenW direction, i.e., along the normal to th
proton scattering plane.

The sign and absolute value of this component depend
the relative role of the considered mechanisms, and this
pendence is very sensitive to the details of the correspon
amplitudes.

This ‘‘coplanarlike’’ behavior ofs and p exchanges in
p1a→p1p01a is related to the fact that these mediato
are spinless particles. Such mechanisms cannot connec
ferent reaction planes. This conclusion does not depend
details, approximations, values of the constants or shap
1-3
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form factors which are typically taken in the numerical a
plications, because it is based only on the value of the spi
the exchanged particles.

Earlier we suggested that thev exchange is the mos
probable mechanism for the Roper excitation, in this ene
range@4#. The most important difference with respect tos
exchange is due to the spin and has evident implications
the polarization phenomena: a vector particle exchange
duces all four amplitudes different from zero, in the gene
case.

Let us consider, as an illiustration, the spin structure ov
exchange, taking into account, for simplicity, in thevNN*
vertex only the transverse, i.e.,M1 form factor. In this case
the matrix element forp1a→p1p01a can be written in
the form

Mv5x2
†sW •qW sW •kW1

3kW2x1Fa~ t !FNN* ~ t !
1

t2mv
2

f N*

w12m* 1 i ~G/2!
,

~6!

wherekW1 andkW2 are the three-momenta of the initial and fin
a particles in c.m.s. of the considered reactionFa(t) and
FNN* (t) are the form factors of thevaa and vNN* ver-
texes,f N* is the constant for the decayN* →N1p, m* and
G are the mass and the width of the Roper resonanceN* .
After evident transformations of the spin structure in Eq.~6!
one can see that forv exchange, all four scalar amplitude
coplanar and noncoplanar, are present. This is due to
exchange by vector particles, which connects strongly
different planes of the considered reaction and it does
depend on approximations in writing the matrix element~6!
or on the choices of the form factors, but only on the spi
nature of the exchanged particles.

This shows the important role characterized by acoplan
ity, which induces, in general, large deviations from the
lation Dnn1150. The spin transfer coefficientDnn contains
also a strong dependence on the kinematical variables o
considered process.

Another result which holds for thev exchange is the
presence of all three nonzero analyzing powers forpW 1a
→p1a1p0, induced by the different components of th
target polarizationPW . More exactly, this is correct for the
interference of thev-exchange mechanism of the Roper e
citation and thep exchange for the Deck mechanism.

Figure 2 shows the sensitivity ofDnn to the ratio r

5(u f̃1u21u f̃2u2)/(uf1u21uf2u2), which characterizes the relativ
role of noncoplanar and coplanar scalar amplitudes, for
different values of the parametera2,

Dnn5
211a2r

11a2r
.

The point where the coefficientDnn vanishes,a2r 51, de-
pends on the ratior. The polarization phenomena for thev
exchange differ essentially froms exchange. In this sense
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the s exchange can never be generalized to an effectivs
1v exchange@8#, for any choices of constants, form factor
or amplitudes.

V. CONCLUSIONS

We established the spin structure of the matrix elem
for the processp1a→p1p01a, for the general case o
noncoplanar kinematics and analyzed the polarization p
nomena. The acoplanarity parametera, a5qW •pW 1

3pW 2 /E1E2Ep , plays an essential role in the analysis of
the observables. TheT- andP-odd nature of the parametera
is the source of specific features of the spin structure and
polarization effects, such as, for example, the presence
three independent analyzing powers inpW 1a→p1a1p0,
which are induced by all components of the target polari
tion ~even for theP-invariant strong interaction!.

The suggested general parametrization of the noncopl
matrix element allowed us to derive the most general pr
erties of the different possible mechanisms, which are
lieved to play a role inp1a→p1p01a. We showed that
the matrix element fors exchange, often advocated to d
scribe the Roper excitation and for thep exchange~Deck
mechanism!, has an evident ‘‘coplanarlike’’ form, with van
ishing noncoplanar amplitudesf̃ 1 and f̃ 2. But the v ex-
change~which seems the most probable physical candid
for the Roper excitation! induces a very rich spin structure o
the corresponding contribution to the matrix element~with
all four nonzero amplitudes!, and specific polarization phe
nomena, which differ essentially from the case ofs ex-
change. For Roper excitation, onlyv exchange can induce

FIG. 2. Dependence ofDnn on the ratior ~sum of the square of
noncoplanar amplitudes over the sum of the square of copla
amplitudes! for different values of the noncoplanarity parametera:
a50.2 ~solid line!, a50.4 ~dashed line!, a50.7 ~dotted line!, a
51 ~dashed-dotted line!.
1-4
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noncoplanar polarization phenomena. However ther ex-
change for the Deck mechanism is also characterized by
coplanar contribution to the matrix element, but differe
from v exchange. For the description ofr exchange anothe
set of unit vectorsmW , nW , andkW is more preferable, wherenW is
normal to thea scattering plane. A single ‘‘magneticlike’
spin structure for processr1a→p1a is present, inducing
new noncoplanar amplitudes. The flexibility in the choice
the coordinate basis for different mechanisms is also an
vantage related to the properties of the suggested gen
noncoplanar analysis.

Future experimental data on polarization observables
p1a→p1p01a, which require a detection system in no
coplanar kinematics, will constitute a crucial test in order
disentangle the mechanisms involved. Of course, initial
final state interactions would strongly affect the quantitat
predictions of specific mesonic models, especially conce
ing cross section predictions. Polarization observables
A.
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generally less affected, in particular, the spin transfer coe
cients. Our previous experience shows that one can re
duce the tensor analyzing power for inclusivedW 1p scatter-
ing ~in a parameter free model!, without need of distortion
effects @4#. A well-known method in order to extract th
nuclear spin response, is the measurement of the spin
probability in (dW ,dW 8) and (pW ,pW 8) scattering on various
nuclear targets. A systematical study showed that this
servable reflects the nuclear structure and not the reac
mechanism@9#.

The present work is, to the best of our knowledge, the fi
attempt of a general analysis of polarization effects in n
coplanar kinematics, which can be done in a model indep
dent way. Simple~traditional! mesonic exchanges have be
used above only for illustration of our general consid
ations. The suggested formalism applies to any 112→3
1415 processes, in the general~i.e., noncoplanar! kine-
matical conditions.
hys.
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