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Abstract

Spin structure of the reaction�N �N → �YΘ is analyzed at the threshold in a model independent way for an arbitrary
of theΘ+. We found that the sign of the spin–spin correlation parameterCx,x being measured in a double-spin experime
determines the P-parity of theΘ+ unambiguously. Furthermore we show that the polarization transfer from a nucleon
final hyperon Y is zero or non-zero strictly depending on the P-parity of theΘ+ and the total isospin of the NN system.
allows one to determine the P-parity of theΘ+ in a single-spin measurement, since the polarization of the Y can be measur
via its weak decay.
 2004 Elsevier B.V.
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1. Introduction

The recent experimental discovery of an exo
baryon with a positive strangenessS = +1 and sur-
prisingly narrow width [1–6], called now as the
Θ+(1540), stimulated many theoretical works co
cerning its structure. The quantum numbers of t
baryon such as spin, parity and isospin are not
determined experimentally. According to the origin
prediction within the chiral soliton model[7], the pen-
taquarkΘ+ belongs to the anti-decuplet with all mem
bers having one the same spin-parity, namelyJP =

E-mail address:uzikov@nusun.jinr.ru (Yu.N. Uzikov).
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2
+

. From the point of view of constituent quark mod
the minimal number of quarks in theΘ+ is five, i.e.,
the quark content of this baryon isuudds̄. Within
a quark-shell model with non-interacting quarks,
ground state of theΘ+ is expected to be the(1s)5-
state, therefore the P-parity of theΘ+ has to be neg
ative,πΘ = −1. Inclusion of the special type ofqq-
interaction into the quark model could lead to the p
itive parity [8,9]. Diquark model[10] predicts also
πΘ = +1. The lattice QCD calculation predicts fo
this baryonπΘ = −1 in Ref.[11], but givesπΘ = +1
according to Ref.[12]. So, the P-parity of theΘ+ is a
key point for quark dynamics and for the present
only way to get it is an experiment.

http://www.elsevier.com/locate/physletb
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Several methods based on dynamical assumpt
were suggested for determination of the P-parity
the Θ+ [13]. According to a general theorem[14],
in order to determine the parity of one particle in
binary reaction one has to know polarizations at le
of two fermions participating in this reaction. Mod
independent methods for determination of the P-pa
of the Θ+ were suggested recently in Refs.[15,16]
for pp-collision, and in Ref.[17] for photoproduction
of theΘ+. The method of Refs.[15,16], based on the
assumption that the spin of theΘ+ equals1

2, suggests
to measure the spin–spin correlation paramete
the reaction �p �p → Σ+Θ+ near the threshold. W
generalize here this method for an arbitrary spin of
Θ+ and both isospinsT = 0 andT = 1 of the NN
channel of the NN→ YΘ+ reaction. Furthermore, w
consider a polarization transfer from a nucleon to
hyperonY in this reaction. Our consideration is mod
independent, since it is based only on conserva
of the P-parity, total angular momentum and isos
in the reaction and the generalized Pauli principle
nucleons.

2. General case

We consider here the binary reaction 1+2→ 3+4
at the threshold region with an excess energy less
ten MeV, assuming a short-range type of the final s
interaction. At this condition the S-wave presuma
dominates in the final state, and therefore the m
general expression for the amplitude of this react
can be written as[18]1

T µ3µ4
µ1µ2

=
∑

JMSL

(j1µ1j2µ2|SM)(j3µ3j4µ4|JM)

(1)× (SML0|JM)

√
2L + 1

4π
aLS
J .

Here ji and µi are the spin of theith particle and
its z-projection,J and M are the total angular mo
mentum and itsz-projection;S and L are the spin
and orbital momentum of the initial system, resp
tively. The z-axis is directed here along the vect

1 Higher partial waves can be easily included in this formali
(see Ref.[19]). However, due to unknown relative strength of t
different waves the results for observables become model depe
above the threshold and not considered here.
of the initial momentumk. Information on the re-
action dynamics is contained in the complex am
tudesaLS

J . The sum overJ in Eq. (1) is restricted by
the conditionsJ = j3 + j4, j3 + j4 − 1, . . . , |j3 − j4|.
Due to P-parity conservation, the orbital moment
L in Eq. (1) is restricted by the condition(−1)L =
π , whereπ = π1π2π3π4 is the product of interna
parities of the participating particles,πi . We con-
sider here mainly transitions without mixing the t
tal isospinT in this reaction.2 For the fixedT and
π the spin of the initial nucleonsS is fixed unam-
biguously by the generalized Pauli principle:(−1)S =
π(−1)T +1. Therefore, in order to determine the
parity π of the system at a given isospinT , it is suf-
ficient to determine the spinS of the initial NN sys-
tem.

At j1 = j2 = 1
2 the number of the amplitudesaLS

J

depends on the spinsj3 andj4. For a particular cas
of j3 = 1

2 andj4 being half-integer,j4 = 1
2, 3

2, 5
2, . . .,

there are two total angular momentaJp = j4 + 1
2 and

Jm = j4 − 1
2. For the spin-singlet initial stateS = 0,

only one orbital momentum is allowed,L = J , and
therefore there is one scalar amplitude,aLS

J = aJ0
J .

ForS = 1 andj4 � 3
2 there are three scalar amplitud

aLS
J ≡ aL

J :

(i) a
Jp

Jp
, a

Jm+1
Jm

anda
Jm−1
Jm

, if (−1)Jp = π , or

(ii) a
Jm

Jm
(Jm �= 0), a

Jp+1
Jp

anda
Jp−1
Jp

, if (−1)Jp = −π .

In order to simplify the notations, we omit here a
below the superscriptS = 1 in aLS

J . For the case o
j4 = j3 = 1

2, one hasJm = 0 andJp = 1. For this case
only two triplet amplitudes are allowed forπ = +1,
i.e.,a0

1 anda2
1, whereas the amplitudea0

0 is forbidden
by conservation of the total angular momentum.
π = −1 one has also only two triplet amplitudes, o
of them corresponds toJ = 1, a1

1, and another one i
allowed forJ = 0, i.e.,a1

0.
According to a general method of Ref.[19], the

amplitude of the reaction can be written as a ma
element of the following operator

2 The isospin mixing is possible, for example, in the react

p + n → Σ0 + Θ+, if the Θ+ is an isotriplet. In this case the P
parity cannot be determined by means of the method in questio
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F̂ =
∑

m1m2m3m4

T m3m4
m1m2

χ+
j1m1

(1)χ+
j2m2

(2)

(2)× χj3m3(3)χj4m4(4),

whereχjkmk (k) is the spin function of thekth particle
with the spinjk and z-projectionmk and T

m3m4
m1m2 is

defined byEq. (1). The operatorF̂ is normalized to
the unpolarized cross sectiondσ0 as

dσ0 = Φ

(2j1 + 1)(2j2 + 1)
SpFF+

(3)= 1

16π
Φ

∑
J,L

(2J + 1)
∣∣aLS

J

∣∣2,
whereΦ is a phase-space factor; we put herej1 =
j2 = 1

2.
Polarization transfer coefficientis given by the

following formula[20]

(4)Kκ
λ = SpFσλ(1)F+σκ(3)

SpFF+ ,

whereλ,κ = 0,±1. Using a technique of the spin
tensor operators[21], we find fromEqs. (1), (2) and
(4) the following general formula:

SpFF+Kκ
λ

= δλ,−κ
3

2π

∑
SS ′JJ ′LL′J0

√
(2L + 1)(2L′ + 1)

×
√

(2S + 1)(2S′ + 1)(2J + 1)(2J ′ + 1)

× (−1)j2+j4+S ′+J ′+L(1− λ1λ|J00)

× (L′0L0|J00)

×
{ 1

2 j2 S

S′ 1 1
2

}{ 1
2 j4 J ′
J 1 1

2

}


J S L

J ′ S′ L′
1 1 J0




(5)× aLS
J

(
aL′S ′
J ′

)∗
.

Here the standard notations for the 6j -and 9j -symbols
are used[21] and a sum over allowed angular mome
is performed, as explained afterEq. (1), with J0 =
0 and 2. FromEq. (5) one can find the following
relations:K−1

+1 = K+1
−1 = −Kx

x = −K
y
y , andK

j

i = 0
at i �= j , wherei, j = x, y, z. For the spin-singlet stat
S = S′ = 0, we find from Eq. (5) that there is no
polarization transfer (Kj

i = 0, i, j = x, y, z). On the
contrary, for the spin-triplet stateS = S′ = 1, Eq. (5)
leads to non-zero diagonal termsKx

x = K
y
y �= 0 and

K0
0 = Kz

z �= 0. This is one of the most importa
features of the reaction in question. We empha
that Eq. (5) is valid for π = +1 andπ = −1 and for
arbitrary spinsj2 andj4 both of them being integer o
half-integer. As an example, we consider here a c
with the minimal spinsji = 1

2 (i = 1, . . . ,4) forS = 1.
In this case, forT = 0 andπ = +1 Eq. (5)gives

(6)

Kx
x = K

y
y = |√2a0

1 + a2
1|2 − 3 Re(

√
2a0

1 + a2
1)a2

1
∗

3(|a0
1|2 + |a2

1|2) ,

(7)Kz
z = |√2a0

1 + a2
1|2

3(|a0
1|2 + |a2

1|2)
.

ForT = 1 andπ = −1 one has got fromEq. (5)

Kx
x = K

y
y =

√
6Rea1

0a1
1
∗

|a1
0|2 + 3|a1

1|2 ,

(8)Kz
z = 3|a1

1|2
|a1

0|2 + 3|a1
1|2

.

For higher spins of the 4th particlej4 � 3
2 and

S = 1, one can find fromEq. (5) that the coefficients
Kx

x = K
y
y andKz

z are, in general case, also non-zer
The spin–spin correlation coefficientis defined as

[20]

(9)Cλ,κ = SpFσλ(1)σκ(2)F+

SpFF+ .

Using Eqs. (9), (1) and (2)we find the following
relations:C+1,−1 = C−1,+1 = −Cx,x = −Cy,y �= 0,
C0

0 = Cz
z �= 0, whereasCi,j = 0 at i �= j (i, j =

x, y, z). Furthermore, for the spin-singlet stateS =
S′ = 0 one has

(10)Cx,x, = Cy,y = Cz,z = −1.

For the spin-triplet initial stateS = 1 we find

(11)Cx,x = Cy,y =
∑

J |√JaJ−1
J − √

J + 1aJ+1
J |2∑

JL(2J + 1)|aL
J |2 ,

(12)Cz,z = 1− 2Cy,y.

As seen fromEq. (11), for S = 1 the spin–spin
correlation parameters are non-negative for transve
polarization for arbitrary spinsj3 and j4 both of
them being integer or half-integer. This is the seco
important feature of this reaction. On the contrary,
sign ofCz,z can be positive or negative depending
dynamics.
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3. The case of minimal spins

For the particular case ofj1 = j2 = j3 = j4 = 1
2

one can check the above results, using aσ -representa
tion for the amplitudeEq. (1), and obtain on this way
all the spin observables of this reaction. We disc
here only the case ofT = 0, since the another cas
T = 1 was analyzed in Refs.[15,16]. For T = 0 and
π = −1, one hasS = 0. In this case the amplitude(1)
describes the1P 1 →3 S1 transition and can be give
by

(13)T µ3µ4
µ1µ2

=
√

3

16π
(T′ · k̂)Sa10

1 ,

whereT′ = i(χ+
µ3

σσyχ
(T )+
µ4 ), S = −i(χT

µ1
σyχµ2), σ

is the Pauli spin matrix,χµj is the 2-spinor for thej th

particle with the spin projectionµj and k̂ is the unit
vector along the beam direction. UsingEq. (13), one
can find the cross section with polarized particles
the initial and final states as

dσ(p1,p2; p3,p4)

= Φ|Mµ3µ4
µ1µ2

|2

= 1

4
dσ0(1− p1 · p2)

(14)× [
1+ p3 · p4 − 2(p3 · k̂)(p4 · k̂)

]
,

wheredσ0 is given byEq. (3)andpi is the polarization
vector of the ith particle. The polarization vector
of the final particlesp3 and p4 are determined by
the reaction amplitude(13) and can be found usin
the standard methods[19,20]. When substituting the
obtained vectorsp3 andp4 into Eq. (14), one can find
the polarized cross sectiondσ(p1,p2) as

(15)dσ(p1,p2) = dσ0(1− p1 · p2).

However, the calculation ofp3 and p4 is not neces-
sarily here becauseEq. (14)contains all spin observ
ables of this reaction. For example, one can find fr
Eq. (14) the initial spin–spin correlation asCx,x =
Cy,y = Cz,z = −1 and, furthermore, a certain spin
spin correlation in the final state.

For T = 0 andπ = +1 one hasS = 1. In this case
Eq. (1)describes the3S1 − 3D1 → 3S1 transition and
can be written as

(16)T µ3µ4
µ1µ2

= 1√ [
G(T′ · T) + F(T′ · k)(T · k)

]
,

16π
whereT = −i(χT
µ1

σyσχµ2). The form factors G and

F are given here byG = a0
1 + 1√

2
a2

1 andF = − 3√
2
a2

1.

The polarized cross section for this case is

dσ(p1,p2; p3,p4)

(17)

= Φ

4π

∑
αβ=x,y,z

1

8
Sp

{
σα(1− σ · p4)σβ(1+ σ · p3)

}

× 1

8
Sp

{
Π+

α (1+ σ · p2)

× Πβ(1− σ · p1)
}
,

whereΠα (α = x, y, z) is the following spin operator

(18)Πα = Gσα + F k̂α(σ · k̂).

We do not present here the final long formula co
pletely, since not all its terms are necessary for
present discussion. As an example, we take the te
arising in front of the structuresp1 ·p3 and(p1 · k̂)(p3 ·
k̂) in the right-hand side ofEq. (17), i.e., the polariza-
tion transfer coefficients

Kx
x = K

y
y = 2

|G|2 + ReGF ∗

|G + F |2 + 2|G|2 ,

(19)Kz
z = 2

|G|2
|G + F |2 + 2|G|2 ,

andK
j
i = 0 at i �= j (i, j = x, y, z). These formulae

coincide with those, given byEqs. (6) and (7), respec-
tively. FromEqs. (14) and (17)one can find that fo
unpolarized beam (or target), the polarizations of
final particles are zero and the analyzing power is a
zero for any P-parityπ .

4. Discussion and conclusion

(1) As it follows from Eqs. (11) and (12), the
coefficientsCx,x andCy,y are non-negative forS = 1.
On the other hand, these observables are equ
−1 for S = 0 (seeEq. (10)). This result does no
depend on the mechanism of the reaction and the
of the pentaquark,jΘ , and therefore allows one t
determine the P-parity unambiguously in double-s
measurements with transversely polarized beam an
target. A similar conclusion was made in Refs.[15,
16], but for the particular case ofjΘ = 1

2 andT = 1.
(2) As follows from Eqs. (5)–(8), for polarized

beam (or target) the final particle is polarized alo
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the direction of the initial polarization vector, if th
initial state is the spin-triplet one. The sign and t
absolute value of the spin-transfer coefficients dep
on the relative strength of the different amplitudesaLS

J

and therefore cannot be calculated without further
namical assumptions. For the spin-singlet initial st
the polarization transfer is zero. Thus, a measurem
of the polarization of one final particle in the reacti
�NN → Y +Θ+ allows one to determinate the P-par
of theΘ+ in a largely model-independent way.3 The
polarization of the final hyperon can be measured
a measurement of the angular distribution in its we
decay. The reactionpn → Λ0Θ+ seems rather attrac
tive, since in the decayΛ0 → π− + p both the fi-
nal particles are charged, and due to P-parity vio
tion there is a large asymmetry in their angular d
tribution in the c.m.s. of theΛ0 in respect of the di-
rection of theΛ0 spin. Since the polarization ofΣ+
is also self-analyzing via its decaysΣ+ → p + π0 or
Σ+ → n+π+, the polarization transfer in the reactio
�pp → �Σ+Θ+ can be used for the P-parity determin
tion too (see, for example,Eq. (8)). At some exper-
imental conditions such single-spin experiments a
probably, more simple than the double-spin meas
ments in the�p �p → Σ+Θ+ or �p�n → Λ0Θ+ reactions.
According to recent estimations[22] performed in the
Born approximation for kaon exchanges, the cross
tion of the reactionpn → Λ0Θ+ near the threshold i
by factor of ten higher as compared topp → Σ+Θ+.
At present, a measurement ofK

y
y in the reaction�pd →

�Λ0 + Θ+ + ps is possible at COSY. At low momen
of the spectator protonps less than≈ 50 MeV/c, the
excess energy in the reactionpn → Λ0Θ+ is less than
50 MeV. It is enough low to useCx,x for P-parity de-
termination[16,22]. Furthermore, as known from th
d(p,2p)n reaction[23], the initial and final state in
teractions affect spin observables rather weakly in
quasi-free region.

(3) Most likely, the Θ+ is an isosinglet, since
the isospin partnerΘ++ was not observed inγp

interaction[4,5]. This assumption can be verified b

3 We assume here that there is no accidental cancella

between the different amplitudesaL
J and thereforeKx

x �= 0 and
Kz

z �= 0 for S = 1. In order to exclude such a cancellatio
experimentally, one should repeat measurement at different b
energies, doing it, probably, for the bothT = 1 andT = 0 channels.
polarization measurements in question. Due to
relation (−1)S+T = −πΘ , the total isospin of the
NN channelT determines the spin observables of
reaction NN→ YΘ+ in the same way as the P-pari
of the Θ+, πΘ . As we found, the spin observabl
K

j
i andCi,j at givenT are changed drastically, whe

πΘ changes from+1 to −1. This is because the sig
of πΘ determines unambiguously the initial spinS.
On the other side, the same strong changing of
spin observables appearsat givenπΘ , when the total
isospinT of the NN-system is changed. Thus, if t
Θ+ is the isosinglet, measured spin observables in
reactionspp → Σ+Θ+ (T = 1) andpn → Λ0Θ+
(T = 0) must be different. We assume here thatΛ0

is the isosinglet. However, if the isospin of theΘ+ is
equal to 1 (or an isotripletΘ∗ from the 27-plet is unde
consideration), then one hasT = 1 in the reaction
pn → Λ0Θ+. In this case the spin observables
the reactionpn → Λ0Θ+ are identical with those
for the reactionpp → Σ+Θ+. Thus, a combined
measurement of the above spin observables in t
two reactions allows one to determine both the
parity and isospin of theΘ+. If the isospin of theΘ+
equals 2[24], the reactionpn → Λ0Θ+ is forbidden
due to isospin conservation in strong interactions.

In conclusion, there are two model-independ
features of the reaction NN→ YΘ+ near the thresh
old. Firstly, for the initial spin-triplet state the spin
spin correlation parameterCy,y is non-negative, and
the polarization transfer coefficientsKx

x and Kz
z are

non-zero. Secondly, forS = 0 theCy,y is equal to−1
and the polarization transfer is absent. Both these
nals do not depend on the spin of theΘ+ and can be
used for unambiguous determination of the P-pa
and isospin of theΘ+ in the reactionspn → Λ0Θ+
andpp → Σ+Θ+. The method is rather general a
can be applied for P-parity determination of oth
baryons with arbitrary spins.

Note added

After the original submission of this Letter, th
papers [25] appeared, where the same subject
studied in a different formalism.
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