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Polarization phenomena in the reactionp+ a— p+ 7%+

Michail P. Rekald
Physics Department, Middle East Technical University, Ankara 06531, Turkey

Egle Tomasi-Gustafsson
DAPNIA/SPhN, CEA/Saclay, F-91191 Gif-sur-Yvette Cedex, France
(Received 7 November 2000; published 9 April 2p01

We present a general analysis of polarization phenomena for three-body prdaessesoplanar 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 repetiar-p+ 7°
+a, in view of characterizing the different mechanisms involved and studying the excitation of the Roper
resonance. We find that the polarization transfer coeffidgpt, wheren is normal to the proton scattering
plane, is especially sensitive to the spin of the exchanged patrticle.
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I. INTRODUCTION N
_9-P1XP2
Experimental studies at the Saturne National Laboratory E1EoE,

[1] have shown that the reactignt a— p+ 7%+ a may be

very selective for the excitation of the Roper resonance. Ayhere p, and p, are the three-momenta of the initial and

general description of this reaction must deal with three Parg proton,ﬁ is the three-momentum of the produced pion,

tlcle's in the final statg and, therefore, Wlt.h noncoplanar k'neéndEl, E,, E. are the corresponding energies. This expres-
matics. In order to disentangle the reaction mechanisms, p

larizati h ful din thi %ion enters in the definition of all five independent kinemati-
arization phenomena are very Usetul, and In this €as€.y \/ariaples which are necessary for the complete descrip-
relatively simple, as only protons have nonzero spin.

This process has been considered in K2}, where the tion of a process +2—3+4+5. These variables can be

lariz E 0 transfer HicierD .. from th i’nitialt h chosen in the following way(using notations of four-
polarization transter coetlicienty,, 1o e 0 M€ momenta as illustrated in Fig):1s=(k,+ p;)? is the square
final proton, has been calculated in a particular kinematics

related to the emitted particle. The authors showed that S(fa:]?:rtcc)):‘i[near;ir%w!g r;[vf.\;g:(:(()llflng)g ail;tltt:rl]zsss l\J/Zr;alr(l);[htie
this polarization observable is especially sensitive to the rela- y 1=avh2 q

tive role of two main mechanisms fq+ a—p+ 7%+ a effectziv_e mass of the produceqb—er system. wﬁz(q
(Fig. D: the excitation of Roper resonan¢grough o ex- +kp)” is the square of ”;e. effective mass of the produced
changg 2]) and the Deck mechanisf8] (A excitation of the =~ ¢+ 7 System.t=(p;—p,)” is the four-momentum transfer

« particle, throughr andp exchanges square (from the initial to the final proton P

Here we give a general formalism for the study of polar- €uvapP1uP2,K1aKz2p IS the relativistically invariant gener-

ization phenomena in three body reactions, which apply t@iZation of the acoplanarity, which was previously de-
any kinematical conditions. Our aim is to find general prop- ined. ) ) )

erties, independently from the reaction mechanism. We will | "€ variablea is connected with the azymuthal angle

then apply our calculation tp+ a— p+ 7%+ a and com- between the two 0reactlon planes Whlch charact.erlze the pro-
pare polarization phenomena for different meson exchangei€SSP+a—p+m +a : one plane is the scattering plane of
in Roper excitation, in particular fab exchange, which is, in

our opinion, the most probable mechanism in particular at 7(q)

high energie$4]. p(pu), ,p(p2) p(p.) .- ¥ p(p,)

II. NONCOPLANAR KINEMATICS

2
°

The main feature of a process with three particles in final
state H-2—3+4+5 is the noncoplanarity of the kinemat-
ics. This can be expressed, for the casepefa— p+ m° =
+a, introducing the following combination of three- a(ky) a(ky) a(k,) a(ky)
momenta: (a) (b)

‘?‘

w,(o)

ﬂig)__
_p- .

>3 >3

FIG. 1. Feynman diagrams corresponding to the mechanisms
*Permanent address: National Science Center KFTI, 310104discussed in the text, f@g+ a— p-+ 7°+ a: Deck mechanisnta),
Kharkov, Ukraine. nucleon excitatior(b).
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the proton(i.e., the plane defined by the three-momepta ber n of independent helicity amplitudes for+12—3+4

dp,) and the other is the plane defined by the pion three- > IS given, in general, byn=(2s,+1)(2s,+1)(2ss
andp) an _he ofheris the plane y The pion +1)(2s,+1)(2s5+1), wheres; is the spin of thath par-
momentumq and the transferred momentupr p;—p,.

: o ) : ticle. This number is, as a rule, twice smaller for coplanar
The angle¢ can be identified with the Treiman-Yang angle kinematics P
[5], which is currently used in the description of the proper- Using the parametrizatiof®) we can calculate any polar-
ties of one-meson exchange in high-energy collisions. This,

. . o . Tzation observable in terms of the scalar amplitudes and of
angle is also convenient for the qlespnptpn of the possiblg, parametea. For example, the dependence of the differ-
mechanisms for the Roper excitation, g+ a—p+

+a. It is important to mention that the parameteis not ential cross section on the polarizatiBrof the proton beam,
only a pseudoscalar quantity, but it isTeodd variable, as it " the general case of noncoplanar kinematics, is character-
is the product of 3 three-morﬁenta ' ized by three independent analyzing powers, i.e.,

The noncoplanarity of the general kinematics for 24
—3+4+5 results in specific properties of the helicity am- —([5a—>p'n'0a)=
plitudes and consequently in the polarization phenomena,d‘”
different from the binary collisions, ast12—3+4. To il- - = - - .
lustrate this, let us note, as an example, thapia—p X[1+n-PAy+a(m-PAp+k-PAJ],
+ 7%+ a, the vector of polarization of the final proton can (3)
have, in the general case, all nonzero components. On the
opposite, for any ¥2—3+4 process, the proton polariza- Where do/dw), is the differential cross sectidwith unpo-
tion (for a P-invariant interaction has only one nonzero larized proton beanand dw is the element of the phase
component along the normal to the scattering plane, due tgpace for the three-particle final state.

do

dw

0

the presence of only one reaction plane. For the analyzing power,, An, andA the following
Therefore the polarization of the final proton can be pa-£€Xpressions can be fourefter summing over the polariza-
rametrized in the following general form: tion states of scattered protons
= - > > do ~
P=nP,+a(mP,+kP,), 1) A”(d_w = —2Im(f,f} +a%f,T3),

N R oo 0
where the unit vectorsn, n, andk are defined an=p;

X52/|51X52|, E:F—il/lﬁl y n—:]:ﬁx E, andpn, Pm, andpk Am(j_g> =2 Im(flhf;f—fz’f;), (4)
0

are the three independent and nonzero components of the

final proton polarization vector. The componeRtg and P

appear multiplied by the parametar therefore noncontrib-

uting in the case of coplanar kinematics. Ak(

ol a
s 18

) =21Im(f 5 +f,f5),
0

IIl. GENERAL FORMALISM do

R Y R AN AR
0

The presence of the noncoplanaritg40) has to be
taken into account in establishing the spin structure of the
matrix element fop+ a— p+ 7%+ «. If the P invariance of The dependence of the components of the final proton
the strong interaction holds, the matrix element is describe@olarizationP; on the initial polarizationP can be param-
by the following general parametrizati¢im the c.m.s. of the  etrized in the following way:
considered reaction

S o M- P¢=D M- P+ D k- P+aDyn- P,
M=yl o-mf +a-kf,+a(if+o-nfy)lx, (2
_ A-Bi=aDyym-P+aDyk-P+Dyf-B, ()
where y; and y, are the two-component spinors of the pro-
tons in the initial and final state$;, f,, f;, andf, are the K-B;=Dy,M-P+Dk-P+aD,n-P,
scalar independent amplitudes fot a@— p+ 7%+ @, which
are functions of the five kinematical variables, definedwhereD;;, i,j=m,n,k, are the coefficients of polarization

above. TheP invariance of the strong interaction requires transfer from the initial to the final proton. All contributions
that all these amplitudes are even functions of the variable in Eq. (5), which are proportional to the noncoplanarity pa-
Such construction of the matrix element results in specificametera cannot be present in the corresponding formulas
properties of the helicity amplitudds, . (wherex and\’ for the binary process £2—3+4. Equations(5) can be

are the helicities of the initial and the final projdior non-  applied to binary processes, after settarg 0, but in non-
coplanar collisions: in case of binary processes2t-3 coplanar kinematics the number of independent coefficients
+4 [6], the P invariance implies thatF_,_,.|=|F,,:|,  of polarization transfer is larger.

while for the procesp+ a—p+ 70+ a, amplitudes with Using the suggested parametrization of the spin structure
opposite sign of helicities are different. Therefore the num-of the noncoplanar matrix element for+ a—p+ 7°+ a,
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Eq.(2), the following expressions for the coefficiels can

be given, in terms of the scalar amplitudgs f;, and the
parameter:

wheref is the single collinear amplitude, which is, in the
general case, a function of three energies: the energies of the
initial and final proton and the energy of the produced pion.

do 7 F
Dn”(£> :_|f1|2_|f2|2+az(|f1|2+|f2|2)'
0
do 7 7
Do o] =11l 6242 T2
0
do F F
Dkk<£) =—|f1+[fal?+a([f1] 2= [f,]?),
0
do * 2
D gy =2 Relfaf3 +a’fif),
0
d ~
ka(ﬁ) =2 Ref,f5 —a%fT}),
0
d(T Fx Fx
Dinnl o) =2 Refafz = 1af1),
0

d e
Dnm(£> =2 Re(1,T5 + 1,70,
0

d ~ ~
an(d—Z) =2 Re— 1,11 +1,13),
0

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

Dmnm=Dnn=—Dw=—1,

and all other polarization observables have to be identically
zero, due to the azimuthal symmetry of the collinear kine-
matics. This result, which is derived in a straightforward way
in our formalism, definitely shows that measurements of po-
larization phenomena in collinear kinematics are not interest-
ing, as they are insensitive to the reaction mechanism. In
other words, all possible reaction mechanisms give the same
spin structure, so their relative role cannot be disentangled
by measuring polarization observables. Different mecha-
nisms give different contributions to the amplitude
f(Eq,E,,E,), but only the cross section is sensitive to this
amplitude.

IV. COMPARISON OF DIFFERENT MECHANISMS

Let us consider now the properties of the scalar ampli-
tudes and the polarization phenomena for the propesa
—p+ 70+ a, for both mechanisms illustrated in Fig. 1. Fol-
lowing Ref.[2], the Deck mechanism results fromand p
exchanges, but the Roper excitation is induced dbyex-
change. From the general propertiesmef scatteringfor the
Deck mechanismand of the process +N— N+ 7 (for the
Roper excitatiopy one can easily show that both noncoplanar

amplitudesf, andf, are zero foro as well asw, indepen-
dently on their parametrizations. Therefore, the full matrix
element(in such approximationfor p+ a—p+ 7%+ «, has
the same structure as for coplanar kinematics, with two in-
dependent amplitudes andf,, only. The numerical values
of these amplitudes and their dependence on the kinematical
variables have to be different for and = exchanges. But for
any amplitudes; andf, the polarization phenomena have
following general properties.
y D,,=1, in the whole region of kinematical variabléer
ecsoplanar and noncoplanar kinemalicket us stress once
more, that because our choice of coordinate frame is differ-
ent than Ref[2], the coefficientD,,, differs from theD,,
defined in Ref[2].

The polarization of the final proton has only one nonzero

component, in then direction, i.e., along the normal to the
proton scattering plane.

The sign and absolute value of this component depend on
e relative role of the considered mechanisms, and this de-

d L
Dkn(£> —2 Ref,FH+£,51%).
0

From the expression for the coefficiddt,,, one can see that
D,,=—1, for coplanar kinematicsa=0). This is a known
result [7], which follows from theP invariance of strong
interaction and this result is valid for any amplitudgsand

f, and for any model of the considered process and for an
kinematical conditions, provideal=0. In noncoplanar kine-
matics, in general, the presence of noncoplanar amplitud
givesD,,=—1, therefore the quantity-£D,, characterizes

the relative role of noncoplanar amplitudés andf,. We

will show later that different mechanisms f@+a—p

+ %+ « are characterized by a different relative role of non-

coplanar amplitudes and will give different values®f,.
Note that our choice of coordinate frame differs from Ref.

[2], because it is more convenient for a generalized treatmer,eﬁ

O.f pol_arlz_atlon phe_nome_na n th? noncoplanar regime. Th%endence is very sensitive to the details of the corresponding

situation is essentially simplified in the case of collinear k"amplitudes

nematics for the considered process, when all three particles This “co.planarlike” behavior of and  exchanges in

move along the initial three-momentum of the proton beam. +a—p+ 7O+ a is related to the fact that these mediators

In this case the matrix element reduces to P ; . ; .
are spinless particles. Such mechanisms cannot connect dif-
- ferent reaction planes. This conclusion does not depend on
Meo=x2 0-kxaf(E1,E2 Er), details, approximations, values of the constants or shape of
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form factors which are typically taken in the numerical ap- & ' [
plications, because it is based only on the value of the spin o
the exchanged particles.

Earlier we suggested that the exchange is the most o .
probable mechanism for the Roper excitation, in this energy P
range[4]. The most important difference with respectdo os L
exchange is due to the spin and has evident implications fo r T
the polarization phenomena: a vector particle exchange in- 4, [ e
duces all four amplitudes different from zero, in the general A
case.

Let us consider, as an illiustration, the spin structure of
exchange, taking into account, for simplicity, in théN N*
vertex only the transverse, i.&l1 form factor. In this case
the matrix element fop+ a—p+ 7%+ « can be written in
the form

08 - e

M,=x3o-qo-ky

f e
wi—m*+i(I'/2)" .

(6) FIG. 2. Dependence db,,, on the ratior (sum of the square of
noncoplanar amplitudes over the sum of the square of coplanar

Wherelzl andlzz are the three-momenta of the initial and final amplitude$ for different values of the noncoplanarity parameder
a particles in c.m.s. of the considered reactiép(t) and ~@=0-2 (solid ling), a=0.4 (dashed ling a=0.7 (dotted ling, a
Funs (1) are the form factors of the@aa and oNN* ver- =1 (dashed-dotted line
texes,f\« is the constant for the decdy* —N+ 7, m* and
I' are the mass and the width of the Roper resonaifte  the o exchange can never be generalized to an effective
After evident transformations of the spin structure in B).  + » exchangé8], for any choices of constants, form factors,
one can see that fan exchange, all four scalar amplitudes, or amplitudes.
coplanar and noncoplanar, are present. This is due to the
exchange by vector particles, which connects strongly the
different planes of the considered reaction and it does not V. CONCLUSIONS

depend on approximations in writing the matrix eleme)t We established the spin structure of the matrix element
or on the choices of the form factors, but only on the spin Iy the procesgp+ a— p+ 7%+ a, for the general case of

nature of the exchanged particles. _ noncoplanar kinematics and analyzed the polarization phe-
This shows the important role characterized by acoplanar-

ity, which induces, in general, large deviations from the re-"ormena. The acoplanarlty. parametea, a=q.- P1
lation D ,,+1=0. The spin transfer coefficiel,, contains < P2/E1E2E, plays an essential role in the analysis of all

also a strong dependence on the kinematical variables of tH8€ observables. THe- andP-odd nature of the parametar
considered process. is the source of specific features of the spin structure and the

Another result which holds for the exchange is the polarization effects, such as, for example, the presence of

. . - i G 0
presence of all three nonzero analyzing powers fere  thrée independent analyzing powers pr-a—p+a+m,

—.p+a+° induced by the different components of the vyhich are induced _by aI_I components of th.e target polariza-
tion (even for theP-invariant strong interaction

The suggested general parametrization of the noncoplanar
o . matrix element allowed us to derive the most general prop-
C|tat!on and ther exchange fo_r _the Deck mechanlsm_. erties of the different possible mechanisms, which are be-

Figure 2 shows the sensitivity ob,, to the ratior lieved to play a role i+ a— p-+ 7%+ . We showed that
=([F2+[FP)(f/*+]f), which characterizes the relative the matrix element fobr exchange, often advocated to de-
rqle of noncoplanar and coplanar scalar amplitudes, for thgcripe the Roper excitation and for the exchange(Deck
different values of the parametaf, mechanisn has an evident “coplanarlike” form, with van-

5 ishing noncoplanar amplitudek, and f,. But the o ex-
_ —1+a’ change(which seems the most probable physical candidate
" 1+4a? for the Roper excitationnduces a very rich spin structure of
the corresponding contribution to the matrix eleménith
The point where the coefficier®,,,, vanishesa?r=1, de- all four nonzero amplitud@sand specific polarization phe-
pends on the ratio. The polarization phenomena for the  nomena, which differ essentially from the case ®fex-
exchange differ essentially from exchange. In this sense, change. For Roper excitation, only exchange can induce

_ 1
X Kax1F o(t) Fne (1) >
t—m

w

target polarizatiori3. More exactly, this is correct for the
interference of thev-exchange mechanism of the Roper ex-
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noncoplanar polarization phenomena. However ghex-  generally less affected, in particular, the spin transfer coeffi-
change for the Deck mechanism is also characterized by nowients. Our previous experience shows that one can repro-
coplanar contribution to the matrix element, but differentduce the tensor analyzing power for inclusive p scatter-
from w exchange. For the description pfexchange another ing (in a parameter free modelwithout need of distortion
set of unit vectorsn, n, andk is more preferable, whereis  effects[4]. A well-known method in order to extract the
normal to thea scattering plane. A single “magneticlike” nuclear spin response, is the measurement of the spin-flip
spin structure for procegs+ a— 7+ « is present, inducing probability in (d,d’) and (p,p’) scattering on various
new noncoplanar amplitudes. The flexibility in the choice ofnuclear targets. A systematical study showed that this ob-
the coordinate basis for different mechanisms is also an adservable reflects the nuclear structure and not the reaction
vantage related to the properties of the suggested genenalechanisni9].
noncoplanar analysis. The present work is, to the best of our knowledge, the first
Future experimental data on polarization observables foattempt of a general analysis of polarization effects in non-
p+a—p+ 7%+ a, which require a detection system in non- coplanar kinematics, which can be done in a model indepen-
coplanar kinematics, will constitute a crucial test in order todent way. Simpldtraditiona) mesonic exchanges have been
disentangle the mechanisms involved. Of course, initial andised above only for illustration of our general consider-
final state interactions would strongly affect the quantitativeations. The suggested formalism applies to any2i-3
predictions of specific mesonic models, especially concern+4+5 processes, in the generdle., noncoplanarkine-
ing cross section predictions. Polarization observables ammatical conditions.
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