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Classification of pentaquark states

. Construction of a complete classification of
pentaquark states in terms of SUst (6) representations

. Only singlets, octects,decuplets,antidecuplets,27-
plets and 35-plets are allowed. Antidecuplets,27-
plets and 35-plets contains exotics.

. These classification is general and model
Independent. It is useful both for model builders
and experimentalists.



GUrsey Radicatl mass formula

e The mass spectrum Is obtained from a
GUrsey Radicati type mass formula, whose
coefficients have been determined
previously by a study of qgqg baryons.

e The ground state pentaquark which is
Identified with the recently observed
®(1540), Is predicted Isosinglet anti-
decuplet state.



Parity of ®(1540)

o |ts parity depends on the interplay between
the spin-flavour and orbital contributions to
the mass operator and we discuss different
Cases.

 Independent from the parity of the ®(1540)

we predict excited exotic baryons at 1660
and 1775 MeV.



Classification of pentaquark states
using symmetry principles

We have to consider spatial degrees of freedom
and internal degrees of freedom: color,flavor and spin

In the construction of the classification scheme we are

guided by two conditions: the pentaquark w.ff. should

be a colour singlet and should be antisymmetric under
any permutation of the four quarks.



SU(6) spin-flavour

SUL(6) D SUL3) @ S0.(2)
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gaq system

The allowed SUsf(6) configurations are

[1]l6 ®[1le ® [1]e = [3]s6 @ 2[21] 70 @ [1]20

Notation: [f]d=[f1,f2,...,fn]d

with fi number of boxes in the i-th row and d dimension of the representation



Allowed spin-flavour, flavour and spin
states of gqgq baryons

and their permutational symmetry(Ss ~Ds)

Dimension
{g ~ S'g Young tablean MMultiplicity SET6) SET(3) SOi2)

5 [3] T 1] 1 ( L0 |
E : | 7
) _— [_gj] 2 il = gl

A~ [111] | 20 L —

Notation : the spin states are given by the representations [f1,f2] ([30], [21]) or
equivalently by their spin S=(f1-f2)/2=3/2, 1/2 , or better by 25+1= 4, 2.



Decomposition of SUs#(6) Into SU#(3) ® SUs(2)
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To study pentaguark states It Is convenient to first
construct ggqq states which should satisfy Pauli
statistics and then add the antiquark.

[."'J: eg :1:5 — :'1]135 T [Iﬂ]gm :
[El:mj ¥ :1:5 = :-'“]gm [22]1[15 [21 l]1|j5 .
[111]90 ® [1]g = [211]105 & [1111]45 .

As a result the gqqq spin-flavour states
[1]6®[1]6®[1]6®[1]6 = [4]126 @ 3[31]210 @ 2[22]105s @ [1111]15



Symmetry properties of four-quark states

Dimension
Ty ~ Sy Young tablean  Multiplicity  SU(G)  SU{3) SU{2)

Ar ~  [4] | 126 15

kg |

Fy ~  [31] 3 210 15 3
E ~ [22] 2 105 G J
Fy ~ [211] - 3 105 3 —

18]
]
[

[1111] H l 15 - -



Spin —flavour classification of gggq states
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The allowed SUsf(6) states for qgqg-antig

4]126® [11111]6 = [51111]r00®[411111]

56

31]010®[11111]6 =[42111]113:0[411111

56 ®[321111]70

22]105®[11111]6=[33111]s60®[321111]70
211]105®[11111]6=[32211]540®[321111]70 ®[222111]20
1111]10s®[11111])6=[22221]70 ®[222111]20

As a result, the gggg-antiq spin-flavour states are
[1]6® [1]6® [1]6 ® [1]6 ® [11111]6=[51111]700® 4 [411111]56 @
3[42111]1134® 8 [321111]0@®

2 [33111]s560 @3 [32211]540®
[22221]70



T4 SU(G) o SURS) SUL(2)
Ay [51111]700 [51]35 [5]6
[51]as [41]a
[42]27 [41]4
[42]27 [32]2
[33]10 [32]2
[411]10 [5]
['“ l]m [-'11]4
['“ l]m [32]2
[321]8 [-'11]4
[32 1]8 [32]2
AL+ Fy ['“ 111 1]55 ['“ l]m [-'1 1]4
[32 1]8 [32]2
Fy ['121 1 1]1134 [-J 1]35 [-'1 1]4
[-3 1]35 [.'32]2
[42]27 [5]
2([42]27 [41]4)
2([42]27 [32]2)
[33]10 [41]4
[.'3.'3]10 [32]2
[411]10 [5]
2[:[-'111]10 [-'11]4:]
2( [-'1 1 1]10 [32]2:]
[321]g 5]
3([321]s [41]4)
3([321]s [32]2)
[222]1 [-'1 1]4
[222]1 [32]2
Fo+ E+Fy  [321111])70 [411]10 [32]2
[321]8 [-'11]4
[.‘32 1]8 [.'32]2
[222]1 [32]2

Spin-flavour classification
of qggg antig and
decomposition In terms of
their SU+(3) ® SUs(2)
content
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Allowed SU+(3) multiplets

[51]35  (35-plet)
[42]27  (27-plet)
[411]10  (10-plet)
[33]10  (anti-decuplet)
[321]8  (octet)

[222]1  (singlet)



It 1s difficult to distinguish the pentaquark
flavour singlets, octets and decuplets from
standard three-quark states, since they have
the same values If Y and |

On the contrary, antidecuplets, 27-plets and 35-plets
contain in addition exotic states
(which cannot be obtained from 3q configurations only)



Complete list of all exotic pentaquark states

SU¢ 3y Y I ) Flavour States Notation
33]l0 2 0 l dduus Sh
-1 3/2 -2.1 dds s, wussd =39
[42]s7 2 1 0.1,2 dddus, dduus, duuus 0,
0o 2 -2.2 dddsu, uunsd I
-1 3/2 -2.1 ddssii, uussd Il
-2 | -2.0 dsssi, usssd 1]
[5l]as 2 2 -1,0,1,23 dddds, dddus, dduus, duuus, uuuus B9
1 5/2 -2, 3 ddddu, vuuud ¢
0 2 -2, 2 dddsu., uuusd I’
-1 3/2 -2, ] ddssii, wussd [1
-2 | -2. 0 dssst, usssd 24
-3 ]_..-"':_} -2 .-1 55551, s555d \r

Q=I3+Y/2



Whithin each isospin multiplet we have
Identified the states whose
combination of Y and Q cannot be
obtained for 3q configurations only.

Because of the uniqueness of their
guantum numbers, these states are
more easily identified experimentally

(In next fig. )



SU(3)flavour [33]10 (anti-decuplet) with E sym.

ddrn s

R
A VAN
YAVAVAN

ddssi i ssd

The 1sospin-hypercharge multiplets are (1,Y) = (0,2), (1/2,1),
(1,0) and (3/2,-1). In fig. - indicates the exotic states.



SU(3)flavour [42]27 (27-plet) with F2 symmetry

dddus dedun s dunis
deddsu % = = wisd
ddssu " uissd
.ff.h;.t-; S0 .!.g'HHHff

The i1sospin-hypercharge multiplets are (1,Y) = (1,2), (3/2,1),
(1/2,1), (2,0), (1,0), (0,0) (3/2,-1), (1/2,-1) and (1,-2)



SU(3)flavour [51]35 (35-plet) with Al sym.

dddds el s i s drris WIS

deddd i wai L

.rf.rff,lr.wn o i ””H“r

dissii tussd

.f,!r.h;.h;.w.f.r .".f."i.‘-i.‘-if;'r

o ey ey HHHH['_.'r

The i1sospin-hypercharge multiplets are (1,Y) = (2,2), (5/2,1), (3/2,1), (2,0)
(1,0), (3/2,-1), (1/2,-1), (1,-2),(0,-2) and (1/2,-3).



We have to combine the SUs#(6) part with a given Ss
symmetry with the color part and the orbital part, in such
a way that the total pentaq state is a [222]. color-singlet

state and the 4q obey the Pauli principle.

Since the color part of the pentaquark is [222]1 singlet
and the antiquark isa [11]s anti-triplet, the color w.f.
of the 4q 1s a [211]s triplet with F1 symmetry. The total
w. f. of 4q Is antisymmetric (A2), so the orbital-spin-
flavour part is a [31] with F2 symmetry.

be(gt)  [211] Py
Vost(q) [31] Fs



Symmetry properties of the pentaquark orbital w.f.

We know that the orb.-spin-flavour. part is [31] with F2 symmetry, so we
can derive the symmetry of the orbital part.

If the 4q are in a S-wave ground state with A1 the only allowed SUsf(6)

representation is [31] with F2.In the table with the SU(6) pentaquark
states, the only F2 configuration containing exotics is the [42111]1134

If the 4q are in a P-wave state with F2 symmetry, there are several
allowed SUsf(6) representations

[4] with A1,
[31] with F2,
[22] with E and

[211] with F1
* The corresponding pentaguark states which contain exotics are: [51111]700,

[42111]1134,[33111]560 respectively.



For each symmetry type of the orbital w.f. the symmetry of
the associated gggg SU(6) part and the pentaquark SU(6) multiplet

containing exotics

Orbital Spin-Flavour  ¢*g Configuration
Symmetry Svimmetry with Exotic States
14 Fa [-'121 | l]
Fy Ay [-"Jl 11 l]
Fy [42111]
E [33111]
Fy [32211]
i Fy (42111
Fy [32211]
Fy 1o —
Fy [42111]
I [33111]
F1 [32211]

Ao Yy [32211]



We have constructed explicitly the S invariant wave
functions which are at disposal under request.

( R.Bijker, M. Giannini and E. Santopinto to be published)

The classification scheme we have derived Is general

and it Is based only on the symmetries

The precise ordering of the various SU(6) multiplets in the mass
spectrum depends on the specific dynamical model (Skyrme,
CQOM, GBE, Instanton etc.)



Pentaquark spectrum

- In the limit of SU(6) symmetry, all states belonging to a definite spin-
flavour representation are degenerate.

- The description of the splittings within the SUst(6)
multiplets can be described by means of a Glrsey-Radicati

mass formula
M=Mo + b C2(SU#(3)) + c s (s+1) +
dY +e[l(1+1)-1/4 Y~2]

- This formula is a general way to describe the SU(6)
breaking of the strong interaction and it is valid for any

guark system.



Mass for exotic pentaquark states with the GR mass formula

M= (DIeW

SUE(3] = ¥ I Motation  [S1111 12111] aztil] 82211
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a2 r 252 2962 2362 2962
48/ 2463 2463 2468 2163
A oy 25654 25654 2564 2564
U2 A2 2 &y 1966
i ) I 2558
-1 80 Il ¥
1 0, 2755

The lowest pentaquark state of each multiplet is normalized to the observed mass of the
®+ (1540). The states are labeled by their spin s, hypercharge Y and isospin |



Mass (MeV)
SUE2) = ¥V T Notation 51111 12111)  [@3111]  [92211]
'-*.» []_-H_ |_h_h |+.~ 1ILJ
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-1 1 [ 26449 Xido
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A 0, 28400
a4 oqm 20




Discussion of results
For all configurations we find that the lowest pentaquark state is an
Isosinglet anti-decuplet [33] state with s=1/2, in agreement with the
available experimental data which indicate that the ®+ (1540) is an
Isosinglet (J. Bart et al. hep-ex/0307083).

For all configurations there are other lowlying excited pentaquark
states belonging to the 27-plet at 1660 MeV and 1775 MeV

The anti-decuplet state with strangeness S=-2 (Y=-1) and isospin
1=3/2 is calculated at an energy of 2305 MeV, to be compared with the
recently observed resonance at 1826 MeV (NA49 collaboration) Which was

suggested as a candidate for the Z32 exotic with charge Q=-2.



Generalized GUlrsey-Radicatli mass formula

M=M0+aC2[SUsr(6)]+bC2[SUF(3)]+cC2[SUs(2)]+

dY+ e[C2(SUsr(6))- ¥4 Y7



Results for all the possible exotic states

belonging to the allowed SUst(6) representations

Mass (MeV)

SUE(3] = I Motation [51111 12111 33111 (32211
ll"_'- []..'||' I.'||.|":- ll":- 1|"j
3 172 2 0 = 1X3 1540 1674 | &1T
q4oae =, GmR w05 MM 25E
3wp 472 2 D (= 1655 1709 | b2
481 T, 2430 a 267
@, 52 20 & {085
q4oam T, a75]
2 172 2 1 =y 1383 LG6L 170 RLEE
g 2 I 1571 gl by 23R4 2524
-1 3 L1 20T Al b g s 2R25
I (] 2172 2445 25RT 2726
| Mee  J7/2 9 =iy 1494 1775 1914 5|



Spin and parity of the ®* (1540) pentaquark

What are the consequences of these calculations for the spin

and parity of the e+ (1540) ? They depend in part on the
assignment of guantum numbers and in part on the choice of
a particular model to describe the orbital motion.

We identify the e+(540) with the lowest pentaguark state.




We consider a simple model in which the orbital motion
of the pentaquark is limited to excitations up to N=1quantum.

The ground state is in an S-state with LP=0,,* and A1 symmetry
for the four quarks. Since the orbital excitations are described
by four relative coordinates, there are four excited P-wave states
with LP=1-. As a consequence of the S4 symmetry of the 4q,

the first 3 excitations form a degenerate triplet with three-fold
F2 symmetry, and the fourth has A1 symmetry.

P_nat 1— 1—
L. =0,1-.1
t ATRTA

The allowed SUsf(6) representations for each orbital excitations are in
the following table



Orbital Spin-Flavour  ¢*¢ Configuration

Svimimetry Svimetry with Exotic States
Ay F5 (2111
Fy Ay allll

Fy (2111
E 33111
Fi 32211
E Fy (2111
Fi 32211
f'-l 19 —
Fy (2111
E SRINN
Fi 32211

52211




T4 SU(G) o SURS) % SUL(2)

A4 ['\rl L1 l]'ﬂ'_'uj [.) 1135 b [r)]['-,
[51]3s5 R [41]4
[12]27 %) [1]]4
[12]2—; R [-'32]2
[33]10 R [32]2
[411]40 %  [5)e
[HJ]W ¥ [1]]4 . .
o @ [ The exotic states with
321 % 4
[321]s % [32]2 .

| LP—0* 1
A+ Py A1 i) ® [41]g t "ATA

[321]s 2 [32]2

. . S ® [l are associated with [42111]1134
[-r) llg,r] ) [-'32]2
[]_2]27 2 [-)]G _
2([42]2r  ® [41]a)
2([42]e7 ® [32]2)
{:33}10 2 { 1] }4 P
3310 ) 32| —
11110 ) Slg L :1
:[zi:llljllhrj ) {1]][—14] t F]_
2[:’1] lhr_'. 3 [-'32]2:]
[-'32]]8 &) [-')]G
z”z—;Ha 3 “L H [51111]700 [42111]1134
3(321]s ® |32|9)
222] % [41] [33111]s560 [32211]540
[322]1 ) [532]2

Fo+ E+Fy  [321111])70 [411]10 [32]2

[-'32]]8 <) [1]]4
[-'32]]8 <) [-'32]2
[222]1 [:32]2
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The mass spectrum of pentaquark states can be obtained combining the spin-flavour
contribution and the orbital excitation energies, a, a,

Mas= (MeV)

SUE(3] 1 I Motation  [51111 12111] 3111 [32211]
If':- []..'||' I.'||.F':- If':- 1!'1
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-1 I = 2028 24905 2444 2582
ERIET R F 2 i = 1655 1754 ] E32
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13810 2 i = 1985
48/ Ty 9750
122 1/ 2 | =iy 1383 LG 1708 | 36
i ) [ 187 o0 By 2385 2534
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122 a7 2 | =iy 149= 1775 1914 51
il 2 [ 2085 2962 25041 2688
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We assume & 4 >0 The total angular momentum is given by
i=t+s  whereas the parity is opposite to the orbital excitation due to
to the intrinsic parity of the antiquark

For &  >277 MeV the ground state pentaquark is associated with

and the [42111]1134,so the P _1
2

Another possible identification of the observed @+ (1540)

is [42111]u134 anti-decuplet with s=3/2, so that jP -3
2
and in this case there would be another pentaquark state with s=1/2

3P

=% at an energy lower than the observed one.

P
FOr o<a <27 MeV the parity I+ since now the ground state is has Lt :1|:
2



and antidecuplet with spin %2 of the [51111]w.
In absence of spin-orbit splitting, we find in this case a

ground state doublet with angular momentum and parity
P13

2 2
The ground state properties depend on the interplay between
the orbital and the spin-flavour part:
for small spin —flavour part the parity Is negative,
whereas for large splitting due to the SUsf(6) term compared

to that between the orbital states, it Is positive



Conclusions
Construction of pentaquark classification scheme
useful for model builders and experimentalists
It I1s general and complete.

Exotic pentaguark state can be found only In
flavour antidecuplet, 27-plets and 35-plets

In order to obtain to total w.f. , the spin-flavour part
has to be combined with the color and orbital part,

so that the total w.f. Is a color singlet and it Is
antisymm. for any of the four quarks



We have calculated the mass spectrum
with a G.R. mass formula which
corresponds to the dynamical symmetry

STise(E) = SEH{2) & SHs(2) = S & AO1Y & SEHHs(2)
Hra sl Cops fey 2 = r 3

which encodes the broken symmetry of the
strong Interaction



The spectroscopy of exotic baryons
will be a testing ground for models

of baryons and their struct

The determination of the angular

Ure

momentum and parity will help to
distinguish between different approaches
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