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Abstract

We analyze the magnetic moments of the exotic pentaquarks of the flavor antidecuplet in the constituent quark model for the
cases in which the ground state is in an orbit&l = 0T or aL” = 1~ state. We derive a set of sum rules for the magnetic
moments of antidecuplet baryons and their relation with the magnetic moments of decuplet and octet baryons. The magnetic
moment of the® T (1540 is found to be 0.38, 0.09 and 1.Q6y for J” = 1/2—, 1/2T and 32%, respectively, which is
compared with the results obtained in other approaches.
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1. Introduction S = —2, although this claim has been shown to be,
at least partially, inconsistent with the existing data on

The discovery of the®* (1540 resonance with the spectroscopy of cascade barypfisResults from
positive strangeness = +1 by the LEPS Collabo- the CLAS Collaboration are inconclusive for lack of

. . oo : isti +andg— ter
ration [1] and its subsequent confirmation by vari- statlst|cs[84]; The®™ and =™~ resonances are inter
ous other experimental collaboratiofj has moti-  Pretédag”g pentaquarks belonging to aflavor antide-
vated an enormous amount of experimental and the- CUPI€t with quark structurgudds andddssu, respec-

oretical studies of exotic baryori8], despite some  tVely. In addition, there is now the first eviden[s
other reports in which the pentaquark signal is at- for @ heavy pentaquark at 3099 MeV in which the an-

tributed to kinematical éections from the decay of ~ tistrange quarkin the* is replaced by an anticharm
mesong4], or in which no evidence has been found uark. _ .
for such stateg5]. More recently, the NA49 Col- The spin and parity of the®™ have not yet

laboration[6] reported evidence for the existence of P€en determined experimentally. The parity of the
another exotic baryorE—— (1862 with strangeness pentaquark ground state is predicted to be positive
by many studies, such as chiral soliton modéa],

cluster model$11-13] lattice QCD[14], and various
E-mail address: bijker@nuclecu.unam.mx (R. Bijker). constituent quark mode]&5]. However, there are also
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many predictions for a negative parity ground state usual spin-flavor and color algebr@dsq(6) ® SUc(3).

pentaquark from recent work on QCD sum rul&§], In the construction of the classification scheme we
lattice QCD[17], quark model calculationd 8—20} are guided by two conditions: the pentaquark wave
as well as from a study in the chiral soliton mog]. function should be antisymmetric under any permu-

Many different proposals have been made to measuretation of the four quarks, and should be a color sin-
the parity in nuclen—nucleon collision$22] and in glet. The permutation symmetry of the four-quark sub-
photo-production experimenf3—-25] system is characterized by tl§g¢ Young tableaux4],
Another unknown quantity is the magnetic mo- [31], [22], [211] and[1117]] or, equivalently, by the ir-
ment. Although it may be difficult to determine its reducible representations of the tetrahedral gréup
value experimentally, it is an essential ingredient in (which is isomorphic taSs) as A1 (Symmetric), Fa,
calculations of the photo- and electro-production cross E, F1 (mixed symmetric) andi, (antisymmetric), re-
sectiong23-25] Meanwhile, in the absence of exper- spectively. For notational purposes we prefer to use the
imental information, one has to rely on model calcu- latter to label the discrete symmetry of the pentaquark
lations. The magnetic moment of tiie™ pentaquark  wave functions. The corresponding dimensions are 1,
has been calculated in a variety of approad@ds29] 3, 2, 3 and 1, respectively. The full decomposition
ranging from correlated quark models, the chiral soli- of the spin-flavor states into spin and flavor states
ton model, QCD sum rules and the MIT bag model. It SUs#(6) D SUf(3) ® SUs(2) is given in Table 5 0f19].
is of interest to compare these results with those for the The states of a given flavor multiplet can be labeled
constituent quark model as well, since different values by isospin/, I3 and hypercharg®. It is difficult to
of the magnetic moments have their consequences fordistinguish the pentaquark flavor singlets, octets and
the photo-production cross sections. which in turn may decuplets from the three-quark flavor multiplets, since
be used to help determine the quantum numbers of thethey have the same values of the hyperchafrgand
O [24,25] isospin projection/s. The same observation holds for
The aim of this Letter is to study the magnetic mo- the majority of the states in the remaining flavor states.
ment of antidecuplet pentaquarks in the constituent However, the antidecuplets, the 27-plets and 35-plets
quark model. In general, the pentaquark spectrum con- contain in addition exotic states which cannot be ob-
tains states of both positive and negative parity. Their tained from three-quark configurations. These states
precise ordering, in particular the angular momentum are more easily identified experimentally due to the
and parity of the ground state, depends on the choice uniqueness of their quamh numbers. The recently
of a specific dynamical model and the relative size of observed®?™ and &~ resonances are interpreted as
the orbital excitations, the spin-flavor splittings and the pentaquarks belonging to a flavor antidecuplet with
spin—spin couplingfl5,18-20,30]The presentanaly-  isospin/ = 0 andl = 3/2, respectively. IrFig. 1the
sis is carried out for antidecuplet pentaquarks of both exotic states are indicated byathe ®* is the isosin-
parities:J? = 1/2—, 1/2* and 32". We derive aset  glet I = I3 = 0 with hypercharge&’ = 2 (strangeness
of sum rules for the magnetic moments, and make a § = +1), and the cascadﬁg;2 and 53‘/5 have hy-
comparison with the results obtained in correlated (or percharge = —1 (strangenesS = —2) and isospin
cluster) quark models. Some preliminary results of this I = 3/2 with projection/z = 3/2 and—3/2, respec-
work have been published [&0] tively.
A convenient choice to describe the relative motion
of the constituent parts is provided by the Jacobi
2. Pentaquark wave functions coordinate$31]

We consider pentaquarks to be built of five con-
stituent parts which are characterized by both inter- 5, — i(fl —Fa),
nal and spatial degrees of freedom. The internal de- V2
grees of freedom are taken to be the three light fla-
vorsu, d, s with spins = 1/2 and three colors, g, b. po = —=(F1 + 72 — 2r3),
The corresponding algebraic structure consists of the V6
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Fig. 1. SU(3) flavor multiplet [33] with E symmetry. The
isospin-hypercharge multiplets g Y) = (0, 2), (%, 1), (1,0) and
(%, —1). Exotic states are indicated with

1
03 = ——= (1 + 2 + I3 — 37a),
o /12
1
04 = ———(F1 + 7o + i3+ 14 — 4rs), 1
p. 25 (1)

where7; (i =1,...,4) denote the coordinate of the
ith quark, and's that of the antiquark. The last Jacobi
coordinate is symmetric under the interchange of the
quark coordinates, and hence transformsgiasinder

T4 (~ Sa), whereas the first three transform as three
components of [31].

Since the color part of the pentaquark wave func-
tion is a[222] singlet and that of the antiquark{&1]
anti-triplet, the color wave function of the four-quark
configuration is 4211] triplet with F; symmetry. The
total g% wave function is antisymmetricAp), hence
the orbital-spin-flavor part has to ha¥e symmetry

v =[v5 x v, @)

Here the square brackefs--] denote the tensor
coupling under the tetrahedral grodp. The exotic
spin-flavor states associated with tlfewave state
L{ =0y belong to the[ f], = [42111, spin-flavor
multiplet [19]. The corresponding orbital-spin-flavor
wave function is given by

I//OSf [I//Al x sz]Fz ®)

where the orbital wave function depends on the Ja-
cobi coordinates oEq. (1) ¥° = ¥ (p1, P2, £3, pa).

A P-wave radial excitation with.! = 1y, givesriseto
exotic pentaquark states of tiel111,,, [4211]F,,
[33111¢ and [3221]f, spin-flavor configurations.
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They are characterized by the orbital-spin-flavor wave
functions

vE'=[ve, x v, @)

with + = Aj, F2, E and Fp, respectively. In this
Letter, we study the magnetic moments of the lowest
pentaquark antidecuplet with positive and negative

parity.

3. Magnetic moments

A compilation of theoretical values of the magnetic
moments of exotic pentaquarks has been presented
in [28,29] for the chiral soliton model, different
correlated quark models, the MIT bag model and for
QCD sum rules. To the best of our knowledge, the
present calculation is the first one for an uncorrelated
or constituent quark model. The magnetic moment of a
multiquark system is given by the sum of the magnetic
moments of its constituent parts
i = [Lspin~+ [orb= Z Wi (25; + £), (%)

]
whereu; = e; /2m;, e; andm; represent the magnetic
moment, the electric charge and the constituent mass
of the ith (anti)quark. The quark magnetic moments
Wy, mg and ug are determined from the proton,
neutron andA magnetic moments to be, = 1.852
un, g =—0.972uy andpuy, = —0.613uy [32]. The
magnetic moments of the antiquarks satigfy =

— 1.
3.1. Negative parity

We first analyze the negative parity antidecuplet
states that are associated with thevave statel.” =
0}, and belong to the f1, = [42111 £, spin-flavor
multiplet. The corresponding pentaquark wave func-
tion with angular momentun# and projection = J
is given byEgs. (2) and (3)

V= \/—[wAl(an szp B 1/fFl,o wFZA

+vg, v ). ()

The spin-flavor part can be expressed as a product
of the antidecuplet flavor wave functiap and the
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s =1/2 spin wave functiory r, The total angular momentum i$ = 1/2, 3/2. The
1 1 1 explicit form of the spin and flavor wave functions is
1/,f,f2ﬂ = _§¢EpXFa — §¢E~AXF2,, + E(bEpXFZ”’ given in the appendix. Since the spin of the four-quark

system iss = 0, the spin part of the magnetic moment
only depends on the contribution from the antiquark.

1 1 1
sf

= —— + — a + —— A ) . i
VF 2¢E" APz 2¢EAXF2A ﬁ¢E XFa For ®7 state withJ” = 1/2% we obtain

1 1
f -
Vis, = 508 Xiy T 508 X ™ (wyliispin )
1111 1\2 1 1)1 12
The coefficients irEgs. (6) and (7are a consequence = [(1 0,333 E) - (1, 13 —3]3 ?) ]ﬂs
of the tensor couplings under the tetrahedral group 1 1
7, (Clebsch—Gordon coefficients). The total angular :_3'“5' (11)

momentum is/ = 1/2. The explicit form of the spin
and flavor wave functions is given in the appendix.
Since the orbital wave function has/ = 0} , the
magnetic moment only depends on the spin part. For
theo*, 23, and =5 ; exotic states we obtain

In contrast to the previous case of a negative parity
pentaquark, now we also have a contribution from the
orbital angular momentum. The orbital excitation with
L = 15, is an excitation in the relative coordinates
of the four-quark subsystem. There is no excitation in
1 the relative coordinate between the four-quark system
He+ = §(ZMM + 2uq + ps) = 0.38uy, and the antiquark. Therefore, the orbital part to the
1 magnetic moment is given by
= g(uu +21g + 2us) = —0.44uy,

Mg > . - - -
32 1 (UrliorblYy) = (Yrlmalp, + u3lp, + nalpslyy)
Hag, = 3@+ 1t +245) = 050, (8) =30y lnalp V)
in agreement with th results obtained28] for the = }<1 1, % —% % %)Z(Mu + a)
MIT bag model[33]. We note, that these results are 2
independent of the orbital wave functions, and are - }(Mu + 11a). (12)
valid for any quark model in which the eigenstates 3
have goodUs¢(6) spin-flavor symmetry. The total magnetic moment of th@™* state is
" , 1
3.2. Positive parity Lo+ = é(uu + g + ps) = 0.09uy. (13)

Next, we study the case of positive parity antide- The magnetic moments of the exotic pentaquarks of

cuplet states. These pentaquark states correspond tdhe antidecuple®™, Eg;z and E32 with angular

a P-wave stateL; = 1, and belong to thé f], = momentum and parity? = 1/2* are equél
[511114, spin-flavor multiplet. The corresponding

. . 1
pentaquark wave function with angular momentuim Uoe = ot = ot = =t + 1t + L)
and projection = J is given byEgs. (2) and (4) =32 Syp — 10T T 3 ’
. =0.0%un. (14)

_ o C _ (0] C i )

vy = ﬁ[(szpru wFkaFlp The only difference for pentaquarks with angular
0 ¢ s 1) momentum and parity ”? = 3/2% is in the angular
tVp, ‘/fFln)‘/fAl]J : ©) momentum couplings. As a result we find

The spin-flavor part is now a product of the antide- 1
cuplet flavor wave functiowz and thes = 1/2 spin Ho+ = E(Mu + wa — 2p5) = 1.05un,
wave functiony g
1 -
E(d)EﬂXEp + Gk, XE;)- (10) 1 in this calculation we have used harmonic oscillator wave

sf
del - R .
functions withN = 1.
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Table 1
Magnetic moments of antidecuplet pentaquarkg jnfor /7 = 3, {L and%+
1~ 1+ 3+
JP =3 JP=3 IP=3
Chs %(G/Lu + 61q + 3us) %(uu + 1a + 1) 3 (e + 1ta — 2us)
NO 3 (5ptu + 612q + 4ut) (i + ia + ps) $(a — 1s)
N* 3 By + 5 + i) 2t + 11q + 1is) 3 (it — 1)
T 3 (g + 611 + 5u5) 2 (tu + 12q + 1is) (=g + 11q)
50 5 (5pu + 5 + 5uL) 3 (e + 11q + 1s) 0
o+ 5 (BpLu + 4ug + 5uL) 3 (e + 11q + 1is) 3 (1t — 124)
337/5 %(3ﬂu+6'ud+6ﬂ5') %(Mu + g + ps) %(72}4,4 + g+ 1s)
53’_/2 %(41111 +51q + 6ts) %(;L,, + g + Is) %(—ltu + is)
29, 351 + g + Bray) L + a + 1) $(—pa +us)
53,72 %(G/Lu + 3pa + 6us) %(uu + 1a + ps) 3 (tu — 2uq + pis)
D icToMi R+ g + 1ts) R+ g + 11s) 0
1 tive parity pentaquark 8)to obtai
Mg = 5(—2.% + ia + s) = —2.641y, negative parity pentaquarks, we USg. (8)to obtain
/ ; the sum rules
ot == —2uq + =1.5%y. 15
Hag, Z(Mu Wd + Hs) I (15) ot — s
3/2
1
3.3. Sumrules =glar —1e-)

The results obtal_ned for the magnet|c_ mom_ents are _ 2t s — s — g0 —21g),
valid for any constituent quark model in which the 12
eigenstates have god@lsq(6) spin-flavor symmetry. Ho+ — ME;/Z

In Table 1 we present the magnetic moments of all 1

antidecuplet pentaquarks for the three differentcombi- = §(MA— — o)

nations of angular momentum and parity discussed in 1

the previous section, i.el? =1/2—, 1/27 and 32+. = 1—2(Mp +21p — px+ + Uy- —21z0 — pz-),
In all three cases, the magnetic moments satisfy theluT+ I

generalized Coleman—Glashow sum r|&4,35] T2 T2

Mot t+igs, =N+t T st = glHars = ta)

Ho+ + Ka;, = Hno +us-, = 1—2(Mp —tn+2uz+ —2phx- + pHgo— pz-).

iy + Mgy, =Hay, + 1eg, (16) (18)

and The first sum rule is similar, but not identical, to the
result obtained in the chiral quark-soliton mdael].?

2050 =y + fs+ = [Ayo + K9, = I+ + Has, For the positive parity pentaquarks, the results of

an _____
The same sum rules hold for the chiral quark-soliton 2 Note that in Eq. (19) of Refi26] a term—3v2/8 is missing.
model in the chiral limit[26]. In addition, there ~ The present resuit dkq. (18)is obtained forv; = 40w — v)/3
.. . . which, for the three fits considered [26], would correspond to
exist interesting sum_ rules that relate the magnetic numerical values oty = 4.91, 4.37 and 4.00, respectively, quite
moments of the antidecuplet pentaquarks to those gjose to the value of, = 5 used in the calculation of the magnetic

of the decuplet and octet baryons. For the case of momentsif26].
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Eqg. (15)can be used to obtain the sum rules that relate Table 2
the magnetic moments of the’ = 3/2F antidecuplet Comparison of magnetic moments jny of exotic antidecuplet

pentaquarks to those of the decuplet baryons pentaquarks with angular momentum and paviy= 5
9 =3
Heor—Hag, = E(MAH —Heo) Method Ref. o+ 55, 532
_ ) Present (B8 050 —-0.44
Rot =gy, = 5(a- = 1ao), MIT bag [28] 037 045  —0.42
9 JW diquark [24] 0.49
Mgt —pg— = =((a++ — a-). (19) KN bound state  [24]  0.31
32 2 2 Cluster [25]  0.60
In the limit of equal quark masses, = mg; = QCDsumrules  [27]  0.12+0.06

my = m, the magnetic moments of the antidecuplet 2 apsolute value.
pentaquark states (denotediy 10) become propor-

tional to the electric charges In Tables 2 and 3ve present a comparison with other
11 theoretical predictions for the magnetic moments of
Mi=g5- Qi, forJ’=1/2", exotic pentaquarks with negative and positive parity,
11 respectively.
Wi = E%Qi’ for J? =3/2%, (20) The first estimate of the®* magnetic moment
was made by Nam, Hosaka and Kim in a study
compared to of photo-production reactionf24]. They used the
1 diquark model of11] (JW) to estimate the anomalous
Hi = %in (21) magnetic moment as = —0.7 for positive and—0.2

; ; +
for the decuplet baryonsi € 10). For the exotic for negatl\_/e parity. For the as."’?KN bound state,

L - - they obtained« = —0.4 for positive and—0.5 for
pentaquarksEq. (20) implies - = —2u-+ = ) . .

=3/2 _“3/; negative parity. In all cases, the spinjis= 1/2.

_Zlff)*- For angular momentum and parity” = In [26], Kim and Praszatowicz investigated the
1/27, the magnetic moments vanish in the limit of 55netic moments of the baryon antidecuplet in the
equal quark masses due to a cancellation between thepiral soliton model in the chiral limit(QCD). The
spin and orbital contributions. For all three cases, the spin and parity are/? = 1/2*. The @+ magnetic

sum of the magnetic moments of all members of the ;o ment was found to be 0.12. 0.20 or 0,39, de-
antidecuplet vanishes identically pending on three different wa to determine the para-
o meters. The magnetic moments of the exotic cascade
Z wi = 0. (22) . - -
pentaquarks arebtained from the proportionality of

i€10 the magnetic moments of the antidecuplet baryons to
the electric charge. We note that in this calculation no
4. Discussion V(3 symmetry breaking effects were taken intp ac-
count, unlike the other approaches discussed in this
The magnetic moments for negative parity = section.
1/2~ pentaquarks oEg. (8)are typically an order of Also Zhao used the diquark model[dfl] to obtain

magnitude smaller than the proton magnetic moment, an anomalous magnetic moment= —0.87 for a
whereas for positive parity” = 1/2% they are even  positive parity®@™ pentaquar{25]. For the case of
smaller due to a cancellation between orbital and negative parity, the magnetic moment was estimated
spin contributions, se&q. (14) The largest values  from the sum of«s andudd clusters to be 0.6Q .

of the magnetic moment are obtained ot = 3/27 Huang et al. used light cone QCD sum rules to
pentaquarks, but they are still smaller than the proton extract the absolute value of th@ (1540 magnetic
value. The magnetic moment of the(1540 in the moment as A2+ 0.06 uy [27]. In this calculation,

constituent quark modes$ifound to be 0.38, 0.09 and the ®* was assumed to be an isoscalar with spin
1.05uy for J? =1/27, 1/2" and 32T, respectively. J =1/2, no assumption was made of its parity.
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Table 3
Comparison of magnetic momentsyiny of exotic antidecuplet pentaquarks with angular momentum and p&fite {L and%+
+ +

=3 Jr=3
Method Ref. ot E3) E32 Ref. ot E3 Z32
Present ®m9 009 009 105 159 —2.64
JW diquark [25,28] 0.08 —0.06 012 [29] 1.01 122 —2.43
SZ diquark [28] 0.23 033 -0.17 [29] 1.23 185 —2.84
KL cluster [28] 0.19 013 —0.43 [29] 0.84 089 —-1.20
xQSM [26] 0.12 012 —0.24
xQSM [26] 0.20 020 —0.40
xQSM [26] 0.30 030 —0.60
JW diquark [24] 0.18
K N bound state [24] 0.36
QCD sum rules 27 0.124+0.06%

2 Absolute value.

Finally, there are two studies in which the magnetic for both positive and negative parity in the constituent
moments of exotic antidecuplet baryons are calculated quark model. The resulting magnetic moments were
for spin J = 1/2 [28] and J = 3/2 [29] for a vari- obtained in closed analytic form, which made it
ety of models of pentaquarks: the diquark—diquark— possible to derive generalized Coleman—Glashow sum
antiquark models ofl1] and[12] (SZ), as a diquark—  rules for the antidecuplet magnetic moments, as well
triquark bound statgl 3] (KL), and the MIT bag model  as sum rules connecting the magnetic moments of
[33]. In the latter case, the parity is negative, whereas antidecuplet pentaquarks to those of decuplet and
in all others it is positive. octet baryons. The numerical values are in qualitative

Although there is some variation in the numerical agreement with those obtained in other approaches,
values obtained for different models of pentaquarks, such as correlated quark models, QCD sum rules, MIT
generally speaking, the predictions for the magnetic bag model and the chiral soliton model.
moment of the®™ are relatively close, especially In conclusion, the spectroscopy of exotic baryons
in comparison with the magnetic moment of the will be a key testing ground for models of baryons
proton they are all small. For the case of negative and their structure. Espedly the measurement of the
parity pentaquarks, our results are identical to those angular momentum and parity of thie™ (1540 may
derived for the MIT bag mode[28]. The small help to distinguish between different models and to
difference in the numésal values is due to the gain more insight into the relevant degrees of freedom
values of the quark magnetic moments used in and the underlying dynamics that determines the
the calculations. For positive parity pentaquarks with properties of exotic baryons. The magnetic moment
JP =1/2% the values of the magnetic moments are is an important ingredient for the calculation of the
suppressed due to cancellations between the spin andotal and differential cross sections for photo- and
orbital contributions. Our predictions for the magnetic electro-production which have been proposed as a tool
moments of the exotic pentaquarks with = 3/2* to help determine the quantum numbers of thé
are in qualitative agreement with those of the diquark pentaquarks. The values of the magnetic moments
models ofl11] and[12], but differ somewhat from the  presented here, together with thos¢2#,29], may be
ones for the diquark—triquark cluster mode[d8]. used as an input for such calculations.

5. Summary and conclusions Acknowledgements
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magnetic moments of the lowest flavor antidecuplet CONACyT, México.
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Appendix A. Spin wavefunctions

The spin wave function withs = 1/2 and F>
symmetry is a combination of the spin wave function
for the four-quark system witf81] ands = 1 and that
of the antiquark withy = 1/2. We start by decoupling
the spin of the antiquark

X = 1811155 5. 3,

2 1
- \/;|[31], L1, |- \/;|[31], 1,0), 1.

(A1)

with o = p, A, n. Thet and| represent the spin of the
antiquark. The spin wave functions of the four-quark
system are given by

1
132, 1.2)p,, = =5 AT = 141,
1
31,1,1), =—— _5 ’
183 1.1, === M1 4 1A = 20101)
1
31,1,1), — —
1321, 1. 2)p,, = 5= AT+ 111

+ T =3 (A.2)
The states with other values of the projectiop can

be obtained by applying the lowering operator in spin
space.

The spin wave function withs = 1/2 and E
symmetry is a combination of the spin wave function
for the four-quark system witf22] ands = 0 and that
of the antiquark withy = 1/2

xe, =22,0.5: 5. 3)y, =[122,0.0) 1. (A3)

with & = p, A. In this case, the spin wave functions of
the four-quark system are given by

1
[22],0, O)Ep =SV =T,
1
[221,0,0), = —2—\/§IHN + =211

F AL+ UL = 2001,
(A.4)

267

Appendix B. Flavor wave functions

The flavor wave functions for the antidecupéet
pentaquark with = I3 = 0 are given by

1
e, = —E(duud —udud +uddu — dudu)s,
1
= ———(duud + udud — 2uudd + uddu
PE: 273

+ dudu — 2dduu)s. (B.1)

The flavor states with other values of the isospjiits
projection /3 and hypercharg& can be obtained by
applying the ladder operators in flavor space and using
the phase convention of De Sw{36].
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