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Spin observables and the determination of the parity of®* in photoproduction reaction
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Spin observables in the photoproduction of @eare explored for the purpose of determining the parity of
the ®*. Based on reflection symmetry in the scattering plane, we show that certain spin observables in the
photoproduction of th@®™* can be related directly to its parity. We also show that measurements of both the
target nucleon asymmetry and tf¢ polarization may be useful in determining the parity®f in a model-
independent way. Furthermore, we show that no combination of spin observables involving only the polariza-
tion of the photon and/or nucleon in the initial state can determine the parity efnambiguously.
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The pentaquarl®* was predicted by Diakonogt al. [1] on symmetry principles; the advantage of the present method
in 1997, in the chiral soliton model, as the lowest member ois that it yields the coefficients multiplying each spin opera-
an antidecuplet of baryons. The recent discovery of this trulytor in terms of the partial-wave matrix elements. Details of
exotic baryon[2-8] has triggered an intensive investigation the derivation will be reported elsewhere. In what follows,
aimed at a determination of its basic properties. Currentlywe consider thé* to be a spin 1/2 baryon. Hereafter, the
the available data does not allow for the determination Ofsuperscript—_’- on any quantitxother than@) stands for the
either its spin or its parity. Moreover, theoretical predictionspositive (+) or negative(—) parity of ©*.
of these quantum numbers, and especially the parity, are For a positive parity®*, the reaction amplitude takes the
largely controversial. For example, the quenched latticgorm?

QCD calculationd9] identified the spin 1/2* as an iso-

scalar negative-parity staisee, however, a recent quenched M* = Fio-é+iF,e-n+F0- ke - g+F,5-0¢-0, (1)
lattice QCD calculation with exact chiral symmetf0], R

where a positive parity is predicted fér"). Also, QCD sum- wherek andq are unit vectors in the direction of the relative
rule calculationg11] predict a spin 1/2 negative-parity state. momenta before and after the collision, respectively, and

In contrast, chiral/Skyrme soliton mode]$,12 and many =k x §; € stands for the polarization of the incident photon.
other model413] predict a spin 1/2 positive-parity isoscalar The coefficientsF; are linear combinations of the partial-
state. There also exist theoretical studies that explore thgaye matrix elements multiplied by spherical harmonics and
possibility of determining the quantum numbers, and espepeighted with geometrical factors. As such, they are func-
cially, the parity of ©"(1540 experimentally[14-17. In  tions of the energy of the system and scattering angle

pa.rticular, spin obseryables, such as photon asymmgt.ry a%s(ﬁ)zk-d only; @ is the scattering angle of the kaon rela-
spin-correlation functions, are shown to be very sensitive to. '

the parity of®* [15—17. However, all these analyses rely on tive to the incident photon beam directiok, The explicit
the particular modé) used. A number of authors have also €XPressions for these coefficients will be given elsewhere. It
carried out model-independent analyses aimed at an unarbould be noted that the spin structure given in Eg.is
biguous determination of th@* parity in both hadronic- €duivalent to that of Ref22). .
[18] and electromagnetid19] induced reactions. Similarly, for a negative parity)”, we obtain

In the present work, we perform a model-independent ~ A o oA oAl
analysis of theyN — KO* reaction and show that certain spin M7=iGe-q+Goo- (€X Q)+ Ggo- (€ X k) + Gyar ke 1
observables can be related directly to the parity®of We +Gg(g-qe-n+o-ne-q). (2
also show that measurements of both the target nucleon . , )
asymmetry and th®* polarization may be useful in deter- Quite recently, Zhao and Al-Khalilil5] have also given the

mining the parity of®*, unambiguously. Furthermore, we s_pin str_uctu[re of the reaction_amplitude f_or the_case of nega-
show that no combination of spin observables involving onlytiVe Parity ®”. The structure given above is equivalent to that
the polarization of the photon and/or nucleon in the initial ©f Ed: (18) in Ref. [15], except for the termwr-ne-g in Eq.
state can pin down the parity &* in a completely model- (2), which has not been included in R¢L5] on the grounds
independent way. To obtain these results, we first derive thif1at it is a higher-order contribution. However, this term and
most general spin structure of the reaction amplitude for both

the positive and negative pari§y*. Here, we extract the spin actually, there is an issue of the parigsnore precisely the rela-
structure of the reaction amplitude following the methodtive parity) of the kaon not being known. For a recent discussion,
used in Ref[20], which is based on its partial-wave expan- see Ref[21]. Throughout this work, we assume the kaon to be a
sion. The method is quite general and, in principle, can bgseudoscalar meson. If the parity of the kaon happens to be posi-
applied to any reaction process in a systematic way. Usuallyive, all the results in this work referred to be for positive pafity

the structure of a reaction amplitude is derived, based solelyhould be interchanged with those for negative pasity
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the o-ge-n term contribute with the same coefficient
Gs(=iCy) [23].

In what follows, €, =y and €, =X denote the photon po-
larization perpendicular and parallel to the reaction plaze
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Whereo“i\(+/—) denotes the cross section when photons with

9)

plane, respectively. Recall that the reaction plane is definecholarizatione, are incident on a target nucleon with spin in

as the plane containing the vectd;re'n the 4z direction and

g, and thatlzxd is along the ¥ direction. Then, from Eq.
),

M+ = ayoy +iag sin(6),

M = ayoy + a, Sin(6) o, 3
where
ap=Fy, ay=F1+F,sird(0), a,=F,,
a,=F3+F,co90). (4)
Similarly, from Eq.(2),

= Byox+ B, sin(a)az,
M™'=B,a, +iB,sin(6), (5)

where

Bo= Gy, By= Gssir(f) + G3+ G, coqd),

ﬁy = G5 Sln2(6) - G3 - Gz COS(Q), ,BZ = G5 COS(H) + G4 - Gz.
(6)
Equationg3) and(5) exhibit an interesting feature, in that

the Pauli spin structure d¥i** is the same as that ofl !,
while the structure oM™ is the same as that &1~*. This is

the (positive/negativei direction.

Similarly, the target nucleon asymmetwy, obtained by
using an unpolarized photon beam on a target nucleon polar-
ized in thei direction, is given by

O'uAi = %Tr[MUiMT]
=2 [2REMEM; "]+ 2 ImM[MIMY ] = 3 AL,
A N

(10

where o, =3,0" denotes the completely unpolarized cross
section; again, the subscripts,j,k) run cyclically. In the
above equation, the first equality in the second row follows
from Egs.(3) and(5). In terms of individual cross sections,

A; may be written as
_oi(+)-a(-)
o) v ) .

where gi(+/-) denotes the cross section when unpolarized
photons are incident on a target nucleon with spin in the
(positive/negativei direction.

We also consider th@inean photon asymmetry given by

(12)

Using Eqgs(3) and(5) we find nomodel-independentay
of relating the spin observables in Ed8), (10), and (12),

a consequence of reflection symmetry. Ultimately, we willwhich are associated with only a polarized beam and/or tar-
exploit this feature to construct spin observables which camet, to the parity of th@®*. Here, what could happen at best

determine the parity o®* unambiguously.

is that, by constraining the kinematics of the reaction, one of

We first consider the spin observables involving only thethese observables might exhibit a markedly different angular
polarization of the photon and/or nucleon in the initial state,dependence for the two choices of the parityddt Note that
for they are more easily measured than observables involwhen the coefficient§; and G; in Egs.(1) and(2) are ex-

ing the spin of®*. For a given photon polarizatiog, and
target nucleon spin in the direction (i=x,y,z), the corre-
sponding spin-correlation coefficieAf can be expressed as

PR = %Tr[wmn‘nﬂ], @)

where M*=33_ M* o with 0p=1, oy=0,, etc., denotes
any of theM* (parity index=* suppressedgiven in Egs.(3)
and (5). The coefficientsM}), can be read off from these
equations.o*=33_|M})? is "the cross section with the po-
larization of the photorg, incident on an unpolarized target.
Carrying out the trace in Eq7) yields

A} =2 REMM T+ 2 Im[MIM], (8)

where the subscriptgi,j,k) run cyclically, i.e. (1,2,3,
(2,3,D, (3,1,2. In terms of individual cross section&% may
be written as

panded in partial Waves thelr angular dependences become
explicit. It could also happen that, by constraining the kine-
matics, one of these observables vanishes for one of the
choices of the parity of®*. If this is the case, and the cor-
responding measurement yields a nonvanishing value, we
would know the parity of®*. We have investigated these
possibilities by restricting the reaction to near-threshold ki-
nematics and considering onfy and P waves in the final
state. In this case, the coefficieriig and Gg in Eqgs.(1) and
(2) vanish, for they only contain partial waves higher than
the P wave in the final staté. Unfortunately, none of these
three spin observables was found to exhibit the features de-
scribed above.

The above considerations exhaust the spin observables in-
volving only polarization of the photon and/or nucleon in the

2S waves contribute only to the coefficierfts and Gz in Egs.(1)
and(2).
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initial state and show that these observables are unable tectly the parity of the®* for an arbitrary spin.

determine the parity o®* in a model-independent way. Another quantity which is related directly to the parity of
We now turn our attention to spin observables which alsd®* is the spin-transfer coefficient induced by a linearly po-

involve the measurement of the polarization @f. These larized photon beanKﬁ, which is given by

observables are particularly suited to the use of Bohr’s theo-

rem[24]. This theorem is a consequence of the invariance of , , 1 AL A

the transition amplitude under rotation and parity inversion "J\Kii 2 Tr[MK‘TiMHUJ]

and, in particular, reflection symmetry in the scattering plane, * .
and takes the forni25] =(2|Mg|* = 0™)&; + 2 REMIM}" ]+ 2¢ IM[ MMy ],

g = (—)MMi, (13) (16)

m; denotes the product of the total intrinsic parity of the where e, denotes the Levi-Civita antisymmetric tensor and
initial and final states anW;;, denotes the sum of the spin (i,j,k) may take any of the valued, 2, 3. The diagonal

projections in thefinal/initial) state along an axis normal to terms reduce to

the scattering plane, i.e., thye(or kx ) axis. Equation13) \ N A2 N
must be satisfied by all parity-allowed transitions. For ex- ")\KJJ =Mg|* + |Mj| 'kz [M*. (17)
ample, in the present case, if the parity®f is positive, then *)

we must have(-)"Mi=+1, while if it is negative, In terms of the individual cross sectlor‘rsﬁ may be written

(—)Mf_Mi:—]__ as
We now exploit the reflection symmetry as manifested in
!Eq.(_lS), ar)d consider thélngan photon asymmetry in con- L [OJJ\(+ , +)+oj-\(— ’_)]_[0,]\(+ ) +0,i\(_ )]
junction with the polarization transferred from the target Kjj= gy X o oY ,
nucleon to the®*, which is given by [of(+, +) + oj(=,=)]+[o7(+,=) + o7 (=, +)]
o) - o) (18
2yy(IIJ)E 1 Il 72+ ? (14)
oy (i,j) + O'y(l,]) where, as beforeq“j\(+,—), for example, corresponds to the
(L . cross section induced by a photon beam with polarizagjon
whereay (i,]) stands for the cross section for the photonOn a target nucleon spin in the positive j direction and

polarizatione , ;) and the spin orientatioin(j) of the nucleon leading to the outgoin)* spin in the negative-) j direc-
(©%) [up_/dgwn as_,1:+/_—.] along they axis. As mentioned  tjon. Given the spin structure of the amplitude, E#8) is
above, it is easily verified from Eq(13) that, for the  often helpful in determining the characteristics K. Ex-

positive-parity case, only spin-aligned transitidnsj) con-  pjoiting the structure of the amplitudes given in E@.and
tribute tO(rj(i ,]), while only the spin antialigned transitions (5), it is straightforward to obtain

(i #J) contribute too) (i, j). It follows from Eq.(13) that this

feature is just reversed in the case of a negative pé&ity ijz T, Kg,yz - T, (19
[Equations(3) and (5) are consistent with these results as
they should bg.As a consequence, which are also model-independent results and hold for any
N C kinematic condition. It is also immediate that E4.7), to-
2ylin) == 2pli =) = 7o, (15 gether with Egs(3) and(5), yields K., = in collinear ki-

where g stands for the parity o®*. This result is com- nematics or near thresholdApart from a minus sign, this
pletely model independent and holds for any kinematicresult corresponds to one of the results obtained recently in
condition® It should be emphasized that the resultin B  Ref.[19], i.e. {Eq. (8) in [19]}.

is based on the assumption that &is a spin-1/2 particle. An alternative way to determine the parity & is in

If the spin of ®* is regarded as unknown, E(.5) takes the terms of the spin-transfer coefficient, using an unpolarized
more general form2,,(M¢-M; even=-%,,(M{-M; odd photon beam defined, similar to EG.6), by

=mg. Therefore, it is clear thak,,(M;-M;) measures di-

G'UK”' = % Tr[MO’lMTO']]

*These same modéhnd kinematig independent considerations
can be used to relate the parity of tfieto spin observables in other :(2||\/|0|2 —0y)8 2 RG{MiM;] + 26 |m[|\/|k|\/|6]’
reactions. For example, in thpp— >* " reaction,m, can be deter-

mined directly from (20)
o+, FH) o+, + ) where(i,j,k) may take any of the valugd, 2, 3 as in Eq.
O+, ) Fa(t -, + ) L (16). The diagonal terms reduce to

whereay(ij ,kl) denotes the cross section with the spin orientationsA—

i andj of the initial two protongup/down as,j=+/-) along they Note that in this kinematic condition, only the termg,,, and

axis and the spin orientatiosand| along they axis of the outgo-  B(xy) are nonvanishing in Eqg3) and(5), for all the coefficients in

ing 3* and ®*, respectively. Egs.(1) and(2) vanish excepf, andGg.
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oK = M2 + M2 = X M3, (21)

K#j
with [M;[>==,|M}2 One can then immediately relag, to
the (linear) photon asymmetry given by E@l2),

Ky = 703, (22)
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be easier to measure than the corresponding double polariza-
tion observablep}.

Yet, another possibility of determining the parity ©f is
to measure two single polarization observables, namely, the
target nucleon asymmetry;, given by Eq.(10), and the
polarization of the outgoin@*, P;, given by Eq.(26). Using
Egs.(3) and (5), we now form appropriate combinations of

which shows that by measuring both the spin-transfer coefthem, giving

ficient and photon asymmetry, one can determine the parity

of ®* unambiguously. This relation also holds for any kine-
matic condition, and it was pointed out recently by Rekalo
and Tomasi-Gustafssofll9] as a possible method to pin
down the parity of®™.

Another way of determining the parity @* is by mea-

Ay -Py=0,
A = P =4 1m[ BB Isin(6)/ o, 27)

for positive and negative parit9*, respectively. Again, the
above results are completely model independent and hold for

suring two double-polarization observables, namely, theany kinematic condition. However, unlike Egd5), (19),

spin-correlation coefficientA?, given by Eq.(7), and the
polarization, P}, of the outgoing®* in the i direction, in-
duced by a photon beam with polarizatiep The latter is
given by

1 ~ ~ * *
== TIM*MM6;] = 2 RgMGM ] = 2 Im[ MM ],

P}
2

(23)

where the subscripts, j,k) run cyclically. An analogous re-
lationship to that given by Eq9) also holds forPi*, except

that the argument+/-) of o{‘ now refers to the spin orien-
tation of the outgoin@™* along thei direction. Exploiting the

feature exhibited in Eqg3) and(5), it is straightforward to

obtain

A =Py, A =-meP,. (24)

(22), (24), and(25), the distinction between the positive and
negative parity®* is made by exclusion: if the measurement
of A,—P, yields a nonvanishing value, the parity ® must

be negative. Nothing can be said about its parity, however, if
the measurement yields a null value.

Obviously, measurements of any of the spin observables
discussed in this workwhich can determine the parity of
®") pose an enormous experimental challenge, for they re-
quire measuring the spin @™* through its decay products
K+N, in addition to the spin of the target nucleon and/or
photon. Furthermore, one also needs to consider the back-
ground contribution, which may potentially hinder the inter-
pretation of the required measurements, especially if the par-
ity of ®* happens to be negatij&6].

In summary, based on reflection symmetry in the scatter-
ing plane as encoded either in Bohr’s theorgg. (13)] or
in the explicit forms of the scattering amplitudgsgs. (3)

These results are again completely model independent ar@f'd (5], we have demonstrated that some spin observables

hold for any kinematic condition.
Now, the two results in Eq24) may be combined to yield

O'J'A)J,' - OJlA!, = meo Py, (25)

whereP; denotes the polarization of the outgoifg in thei

on an unpolarized target nucleon; it is given by
1 ot
O-uPi = ETT[MM O'i]
=2 (2 REMIMY = 2 ImMIM]) = X 0P},
A A

(26)

where, again, the subscripts j,k) run cyclically. The first
equality in the second row follows from EgE3) and (5).
Note that in EqQ.(25), the right-hand side of the equality
involves the single polarization observabk, which may

in ®* photoproduction can be related directly to the parity of
O, In particular, Egs(15), (19), (22), (24), and (25) offer
ways of providing a model-independent determination of the
parity of ®*. Also, we have shown that measurements of the
target nucleon asymmetry and t& polarization induced
ysing an unpolarized photon bedfqg. (27)] may be useful

In determining the parity 0®* in a model-independent way.
Furthermore, we have also shown that, in this reaction, no
spin observables involving only the polarization of the pho-
ton and/or nucleon in the initial state can determine the par-
ity of ®* unambiguously. Finally, because of its generality,
Bohr’s theoren{Eg. (13)] may, of course, be used in a simi-
lar way to analyze other reactions induced by photons or
other probes.

We thank Qiang Zhao for pointing out the equivalence of
the negative-parity amplitude used here with that given in
Ref. [15]. This work was supported by Forschungszentrum-
Jilich, under Contract No. 414452820SY-058.
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