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LEPS, DIANA, JLab (5 :3 � 0:5� ), ELSA: I = 0 , HERMES, � (�� )N ,
WA21@CERN, LGT. . . consistency between experiments ?
• re-analysis of old KN data: � � + <� 1 MeV (Nussinov, Arndt et al.)

but analysis indirect: no exp. coverage of relevant energy
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Pentaquark Workshop, JLab, Nov. 6-8, 2003
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Most precise experiment so far:

CLAS Collaboration at JLab


d ! p nK +
| {z }

� +

K �
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Theoretical prejudices can be dangerous. . .

1984 Review of Particle Properties:
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Theory

A beautiful prediction from Skyrme model:

Prasza lowicz('87), Diakonov, Petrov & Polyakov('97): m� + � 1530 MeV,

� � + < 15 MeV, J P = 1
2

+
; I = 0
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important: SU(3) breaking linear in Y = B � S
for S < 0, ordinary baryons { simple: counting s-quarks.
for S > 0, a bit subtle: need to understand quark WF �rst.
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Quark content of the other states in 10:
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� start from j� + i = juudd�si

� apply U-spin lowering operator U� repeatedly (cf. I � ):
I � jui = jdi () U� jdi = jsi

I � j �di = �j �ui U� j �si = �j �di

� get the other states in each row applyingI �

� jp� i = U� juudd�si = �
q

1
3 juud d �di +

q
2
3 juud s�si
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� start from j� + i = juudd�si

� apply U-spin lowering operator U� repeatedly (cf. I � ):
I � jui = jdi () U� jdi = jsi

I � j �di = �j �ui U� j �si = �j �di

� get the other states in each row applyingI �

� jp� i = U� juudd�si = �
q

1
3 juud d �di +

q
2
3 juud s�si \crypto-exotic"

� \hidden strangeness" (like in � )

h# s + #� si p� = 2 �
� q

2
3

� 2
=

4
3

� j� + � i = U� jp� i , j� + � i = U� j� + � i = juuss �di

� � h# s + #� si =
1
3

=) � M �
ms

3
!
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Theory

Skyrme model sometimes does very well. . .

N and � spectrum from the Skyrme Model (Karliner & Mattis, 1984)
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Theory

But sometimes predicts too many exotics

�N , KN , �KN Scattering, Skyrme Model vs. Experiment (Karliner & Mattis, 1986)

Itzhaki, Klebanov, Ouyang & Rastelli: WZ normalization ?
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Theory

) Need to understand � + in quark language

� QCD: nothing prevents 5q states
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Theory

) Need to understand � + in quark language

� QCD: nothing prevents 5q states

� but no direct QCD spectrum calculation yet (LC, lattice ?. . . )

� Constituent Quark Model:

M =
X

i

mi �
X

i>j

V(~� i � ~� j )
~� i � ~� j

mi � mj
| {z }

hyper�ne interaction

m i : e�ective quark mass, ~� : SU(3) c generators, ~� : Pauli spin operators
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Theory

) Need to understand � + in quark language

� QCD: nothing prevents 5q states

� but no direct QCD spectrum calculation yet (LC, lattice ?. . . )

� Constituent Quark Model:

M =
X

i

mi �
X

i>j

V(~� i � ~� j )
~� i � ~� j

mi � mj
| {z }

hyper�ne interaction

m i : e�ective quark mass, ~� : SU(3) c generators, ~� : Pauli spin operators

=) color-spin SU(6) algebra:

symmetric in color � spin  ! attractive

antisymmetric in color � spin  ! repulsive
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Theory

e�ective quark masses from baryons and mesons

ms � mu and ms=mu :
same values from baryon and meson masses,
with hyper�ne interaction properly isolated
(Sakharov & Zeldovich, DGG):

hms � mu i Bar = M sud � M uud = M � � M N = 177 MeV

hms � mu i Mes =
3(M Vs �d

� M Vu �d
)+( M P s �d

� M P u �d
)

4
=

3(M K � � M � )+ M K � M �

4
= 179 MeV

�
ms

mu

�

Bar
=

M � � M N

M � � � M �
= 1 :53 �

�
ms

mu

�

Mes
=

M � � M �

M K � � M K
= 1 :61

V and P : vector and pseudoscalar mesons
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Theory

Generalization to other 
avors

for vector and pseudoscalar mesons containingqi or qj and a
spectator x:

jVi i = jqi �xi J =1 , jVj i = jqj �xi J =1 ,
jP i i = jqi �xi J =0 , jP j i = jqj �xi J =0 ,

hmqi � mqj i xMes =
3(M V i � M V j ) + ( M P i � M P j )

4
(does not work for �s because no light P { anomaly)

baryons: only N and I = 0 udq: � , � c and � b

where hyper�ne for u and d only �! drops out of all mass di�s:

for jB i i = jqi udi , jB j i = jqj udi ,

hmqi � mqj i dBar = M qi ud � M qj ud = M B i � M B j
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TABLE I - Quark mass di�erences from baryons and mesons

mesonsbaryons
J = 1 J = 0 � m Bar � m Mes

observable

B i B j V i V j P i P j MeV MeV

sud uud s �d u �d s �d u �dhm s � m u i d
� N K � � K �

177 179

c �s c �u c �s c �uhm s � m u i c
D �

s D �
s D s D s

103

b �s b �u b �s b �uhm s � m u i b
B �

s B �
s B s B s

91

cud uud c �d u �d c �d u �dhm c � m u i d
� c N D � � D �

1346 1360

c �c u �c c �c u �chm c � m u i c
 D � � c D

1095

cud sud c �d s �d c �d s �dhm c � m s i d
� c � D � K � D K

1169 1180

c �c s �c c �c s �chm c � m s i c
 D �

s � c D s
991

bud uud b �d u �d b �d u �dhm b � m u i d
� b N B � � B �

4685 4700

b �s u �s b �s u �shm b � m u i s
B �

s K � B s K
4613

bud sud b �d s �d b �d s �dhm b � m s i d
� b � B � K � B K

4508 4521

bud sud b �d c �d b �d c �dhm b � m c i d
� b � c B � D � B D

3339 3341

b �s c �s b �s c �shm b � m c i s
B �

s D �
s B s D s

3328
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Theory

mc=ms, mc=mu from mesons and baryons

extract mc=ms and mc=mu same way asms=mu ,
isolating 1=mq terms from mass di�erences

mesons: M (1� ) � M (0� )

baryons: M ( 3
2

+
) � M ( 1

2
+

)
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Theory

mc=ms, mc=mu from mesons and baryons

extract mc=ms and mc=mu same way asms=mu ,
isolating 1=mq terms from mass di�erences

mesons: M (1� ) � M (0� )

baryons: M ( 3
2

+
) � M ( 1

2
+

)

=) same values from mesons and baryons� 2%:

�
mc

ms

�

Bar
=

M � � � M �

M � �
c

� M � c

= 2 :84 =
�

mc

ms

�

Mes
=

M K � � M K

M D � � M D
= 2 :81

�
mc

mu

�

Bar
=

M � � M p

M � �
c

� M � c

= 4 :36 =
�

mc

mu

�

Mes
=

M � � M �

M D � � M D
= 4 :46
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Theory

4-th 
avor �! new relations between meson and baryon masses:

�
mc � mu

ms � mu
�

ms

mc

�

Bar
=

M � c � M � c

M � � M �
= 2 :16

�
mc � mu

ms � mu
�

ms

mc

�

Mes
=

(M � � M � )� (M D � � M D )
(M � � M � )� (M K � � M K )

= 2 :10

meson and baryon relations agree to� 3%.
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Theory
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avor �! new relations between meson and baryon masses:

�
mc � mu

ms � mu
�

ms

mc

�

Bar
=

M � c � M � c

M � � M �
= 2 :16

�
mc � mu

ms � mu
�

ms

mc

�

Mes
=

(M � � M � )� (M D � � M D )
(M � � M � )� (M K � � M K )

= 2 :10

meson and baryon relations agree to� 3%.

Similarly, for � b and yet unmeasured �b:

M � b � M � b

M � � M �
=

(M � � M � ) � (M B � � M B )
(M � � M � ) � (M K � � M K )

= 2 :51

=) M � b � M � b = 194 MeV �! M � b = 5818 MeV
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e�ective mq depends on the neighbors:

� e�ective ms � mu strongly dependent on \spectator" quarks:

hms � mu i dMes =
3(M K � � M � )+ M K � M �

4
= 179 MeV

vs:

hms � mu i cMes =
3(M D �

s
� M D � ) + M D s � M D

4
= 103 MeV

hms � mu i bMes =
3(M B �

s
� M B � ) + M B s � M B

4
= 91 MeV
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� e�ective ms � mu strongly dependent on \spectator" quarks:

hms � mu i dMes =
3(M K � � M � )+ M K � M �

4
= 179 MeV

vs:

hms � mu i cMes =
3(M D �

s
� M D � ) + M D s � M D

4
= 103 MeV

hms � mu i bMes =
3(M B �

s
� M B � ) + M B s � M B

4
= 91 MeV

� e�ective mq in jq�xi includes Ve� and Ekin () 	 ( mq; mx ; Ve� )

� try to reproduce the trend with Ve� = V0 � log(r=r 0) [�cc; �bb]X
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quark double mass di�erences { theory vs. experiment

Experiment Theoretical

hm i � m j i x prediction
observable

x hm i � m j i x y hm i � m j i y �h m i � m j i y with Ve�

MeV MeV MeV MeV

hms � mu i d 179 c 103 76 51

hmc � mu i d 1360 c 1095 265 202

hmc � ms i d 1180 c 991 189 151

hms � mu i c 103 b 91 12 18
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quark double mass di�erences { theory vs. experiment

Experiment Theoretical

hm i � m j i x prediction
observable

x hm i � m j i x y hm i � m j i y �h m i � m j i y with Ve�

MeV MeV MeV MeV

hms � mu i d 179 c 103 76 51

hmc � mu i d 1360 c 1095 265 202

hmc � ms i d 1180 c 991 189 151

hms � mu i c 103 b 91 12 18

� can improve on log potential with generalized

Ve� =
Vo

2n

" �
r

r o

� n

�
�

r

r o

� � n
#

; n > 0

(for n = 0 get back the log potential)
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Theory

application: unravelling � + quark structure

� � + : K + n and K 0p () f uudd�sg
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Theory

application: unravelling � + quark structure

� � + : K + n and K 0p () f uudd�sg

� � + is light! ) Goldstone-like component(s): minimizeE int

� hint: \
avor antisymmetry principle":
at short distances ident. fermions antisym. in color� spin (Pauli)

=) hyper�ne interaction always repulsive for same-
avor quarks

� maximize u � u and d � d distance

� minimize hyper�ne interaction: clustering & spin con�gura tion

� f uddg f u�sg �! f udg f du�sg \mate swapping". . .
n K + �3c 3c

� J P : likely 1
2

+
�! l = 1 :

color molecule of �3c and 3c in a P-wave

� hyper�ne int. short range �! acts only within clusters
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diquark-triquark con�guration:
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Theory

� + properties from diquark-triquark

� jud du�si :

� ud diquark: I = 0 , S = 0 , �3c

� ud�s triquark: I = 0 , S = 1
2 , 3c with ud in S = 1
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� + properties from diquark-triquark

� jud du�si :

� ud diquark: I = 0 , S = 0 , �3c

� ud�s triquark: I = 0 , S = 1
2 , 3c with ud in S = 1

=) J P = 1
2

+
, I = 0 , 10 of SU(3)f . Parity?!

Ashery-Piasetzky: doK + p ! � + � + vs K + D ! � + p @ BNL

� compute hyper�ne interaction:

=) 1
6 (M � � M N ) � 50 MeV stronger binding than in KN

� estimate cost ofP-wave excitation of f udg f du�sg system:

reduced mass� reduced mass ofc�s in D s system

=) �E P � wave � 350� (mD �
s

� mD s ) = 207 MeV
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Theory

� + properties from diquark-triquark

� jud du�si :

� ud diquark: I = 0 , S = 0 , �3c

� ud�s triquark: I = 0 , S = 1
2 , 3c with ud in S = 1

=) J P = 1
2

+
, I = 0 , 10 of SU(3)f . Parity?!

Ashery-Piasetzky: doK + p ! � + � + vs K + D ! � + p @ BNL

� compute hyper�ne interaction:

=) 1
6 (M � � M N ) � 50 MeV stronger binding than in KN

� estimate cost ofP-wave excitation of f udg f du�sg system:

reduced mass� reduced mass ofc�s in D s system

=) �E P � wave � 350� (mD �
s

� mD s ) = 207 MeV

� m� + � 1592� 50 MeV vs. 1542� 5 MeV (EXP). but...
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Theory

analogous triquark-diquark con�guration predicts
m� �� = 1720 � 50 MeV vs NA49 m� �� = 1862 � 2 MeV, � � �� < 18 MeV
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generic for all correlated quark con�gurations
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Predictions: � c and � +
b

� � + : f udg f du�sg - a narrow resonance
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Predictions: � c and � +
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Predictions: � c and � +
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� � + : f udg f du�sg - a narrow resonance

� �s ! �c: =) � c : f udg f du�cg J P = 1
2

+
, I = 0

M � c = 2985 � 50 MeV
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b : f udg f du�bg J P = 1

2
+

, I = 0

M � +
b

= 6398 � 50 MeV

�(� +
b ! BN ) � (1 � 2) � 4 MeV :

=) look for unexpectedly narrow peaks
in D � p, �D 0n, B 0p and B + n .
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Predictions: � c and � +
b

� � + : f udg f du�sg - a narrow resonance

� �s ! �c: =) � c : f udg f du�cg J P = 1
2

+
, I = 0

M � c = 2985 � 50 MeV

�(� c ! DN ) � (1 � 2) � 21 MeV:

� �s ! �b: =) � +
b : f udg f du�bg J P = 1

2
+

, I = 0

M � +
b

= 6398 � 50 MeV

�(� +
b ! BN ) � (1 � 2) � 4 MeV :

=) look for unexpectedly narrow peaks
in D � p, �D 0n, B 0p and B + n .

=) look for protons coming out of charm/bottom decay vertex
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