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Renaissance of QCD Spectroscopy

Several new surprising experimental results:

• two new extremely narrow mesons containing

c and s̄ quarks (BaBar, CLEO, Belle)

• new very narrow resonance

precisely at D0∗D0 threshold (Belle, CDF)

• enhancements near p̄p thresholds (BES, Belle)

• a Λc p̄ resonance (Belle)

• exotic 5-quark resonances: Θ+ (KN), Ξ∗−−, Θc

QCD bound-state dynamics still a challenge!
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The discovery of Θ+

a narrow peak in K+ n invariant mass:

γd→ p nK+
︸ ︷︷ ︸

Θ+

K−

=⇒ a pentaquark: s̄u udd, S = +1, exotic baryon resonance
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distribution of K+ n invariant mass (CLAS/JLAB):
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mΘ+ = 1542± 5 MeV, ΓΘ+ ≤ 20 MeV (CLAS, γD)
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caveats:

• consistency between experiments ?

possible reasons: systematics, statistical fluctuations, 2nd state

• final state: K+n is uudds̄ but Ksp is uudds̄ or uudd̄s (Σ∗)

• cross section ∼ µ-barns, so sophisticated cuts needed

• negative/null results

Θ+\ : HERA-B, PHENIX, H1

Ξ−−\ : WA89, ZEUS Θc\ : ZEUS, FOCUS
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so far only upper bound on width,

because of experimental E resolution

but extremely narrow width from indirect analysis!

� re-analysis of old KN data:

ΓΘ+ <∼ 1 MeV (Nussinov, Arndt et al.)
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so far only upper bound on width,

because of experimental E resolution

but extremely narrow width from indirect analysis!

� re-analysis of old KN data:

ΓΘ+ <∼ 1 MeV (Nussinov, Arndt et al.)

but analysis indirect: no exp. coverage of relevant energy

Cahn & Trilling: ΓΘ+ = 0.9± 0.3 MeV from DIANA K+Xe data

ΓΘ+ < 1−4 MeV from older exps

such a narrow width is unheard of in strong decays ?! . . .
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Pentaquark Workshop, JLab, Nov. 6-8, 2003
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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): mΘ+ ≈ 1530 MeV,

ΓΘ+ < 15 MeV, JP = 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.
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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 first.
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Quark content of the other states in 10:
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• start from |Θ+〉 = |uudds̄〉

• apply U -spin lowering operator U− repeatedly (cf. I−):

I−|u〉 = |d〉
⇐⇒

U−|d〉 = |s〉

I−|d̄〉 = −|ū〉 U−|s̄〉 = −|d̄〉

• get the other states in each row applying I−

• |p∗〉 = U−|uudds̄〉 = −
√

1
3
|uud dd̄〉+

√
2
3
|uud ss̄〉
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• start from |Θ+〉 = |uudds̄〉

• apply U -spin lowering operator U− repeatedly (cf. I−):

I−|u〉 = |d〉
⇐⇒

U−|d〉 = |s〉

I−|d̄〉 = −|ū〉 U−|s̄〉 = −|d̄〉

• get the other states in each row applying I−

• |p∗〉 = U−|uudds̄〉 = −
√

1
3
|uud dd̄〉+

√
2
3
|uud ss̄〉 “crypto-exotic”

• “hidden strangeness” (like in φ)

〈#s+ #s̄〉p∗ = 2×
( √

2
3

)2

=
4

3

• |Σ+∗〉 = U−|p
∗〉, |Ξ+∗〉 = U−|Σ

+∗〉 = |uussd̄〉

• ∆〈#s+ #s̄〉 =
1

3
=⇒ ∆M ∼

ms

3
!
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But can’t expect 1% precision for mΘ+

=⇒ Re-examine Skyrme/χSM predictions hep-ph/0401127

• light 10 a qualitative success

• realistic error estimate: δm10
<∼ 100 MeV

• DPP mΞ−− off by 200 MeV: antiquated ΣπN

• modern ΣπN =⇒ central value of mΞ−− X

• Γ10 ∼ O(1/N2
c )

• with realistic couplings hard to get Γ10 < 10 MeV

• key prediction: light 27 with JP = 3
2

+

⇒ Θ-like I = 1 state within 100 MeV of Θ+(I = 0)

χSM & quark model: complementary description of hadrons

Marek Karliner – DIS 2004, Štrbské Pleso, April 14, 2004 18



⇒ Need to understand Θ+ in quark language

• QCD: nothing prevents 5q states
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⇒ Need to understand Θ+ in quark language

• QCD: nothing prevents 5q states

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

• Constituent Quark Model:

M =
∑

i

mi −
∑

i>j

V (~λi · ~λj)
~σi · ~σj

mi ·mj

︸ ︷︷ ︸

hyperfine interaction

mi : effective quark mass, ~λ : SU(3)c generators, ~σ: Pauli spin operators
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⇒ Need to understand Θ+ in quark language

• QCD: nothing prevents 5q states

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

• Constituent Quark Model:

M =
∑

i

mi −
∑

i>j

V (~λi · ~λj)
~σi · ~σj

mi ·mj

︸ ︷︷ ︸

hyperfine interaction

mi : effective quark mass, ~λ : SU(3)c generators, ~σ: Pauli spin operators

=⇒ color-spin SU(6) algebra:

symmetric in color × spin ←→ attractive

antisymmetric in color × spin ←→ repulsive
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application: unravelling Θ+ quark structure

• Θ+: K+n and K0p ⇐⇒ {uudds̄}
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application: unravelling Θ+ quark structure
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• Θ+ is light! ⇒ Goldstone-like component(s): minimize Eint
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application: unravelling Θ+ quark structure

• Θ+: K+n and K0p ⇐⇒ {uudds̄}

• Θ+ is light! ⇒ Goldstone-like component(s): minimize Eint

• hint: “flavor antisymmetry principle”:

at short distances ident. fermions antisym. in color × spin (Pauli)

=⇒ hyperfine interaction always repulsive for same-flavor quarks

• maximize u− u and d− d distance

• minimize hyperfine interaction: clustering & spin configuration

• {udd} {us̄} −→ {ud} {dus̄} “mate swapping”. . .

n K+ 3̄c 3c

• JP : likely 1
2

+
−→ l = 1:

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

• hyperfine int. short range −→ acts only within clusters
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diquark-triquark configuration:

u

du

1

2

1

2

K n configuration

d
n

K
+

u

du

1

2

1

2

diquark – triquark configuration of the uudds pentaquark

d

P -wave diquark-triquark molecule. No S-wave ⇐⇒ h.f. repulsion
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Θ+ properties from diquark-triquark

• |ud dus̄〉:

• ud diquark: I = 0, S = 0, 3̄c

• uds̄ triquark: I = 0, S = 1
2
, 3c with ud in S = 1
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Θ+ properties from diquark-triquark

• |ud dus̄〉:

• ud diquark: I = 0, S = 0, 3̄c

• uds̄ triquark: I = 0, S = 1
2
, 3c with ud in S = 1

=⇒ JP = 1
2

+
, I = 0, 10 of SU(3)f

a similar proposal: [(ud)S=0]
2
s̄, but no hf. for s̄ (Jaffe & Wilczek)
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Θ+ properties from diquark-triquark

• |ud dus̄〉:

• ud diquark: I = 0, S = 0, 3̄c

• uds̄ triquark: I = 0, S = 1
2
, 3c with ud in S = 1

=⇒ JP = 1
2

+
, I = 0, 10 of SU(3)f

a similar proposal: [(ud)S=0]
2
s̄, but no hf. for s̄ (Jaffe & Wilczek)

• compute hyperfine interaction:

=⇒ 1
6
(M∆ −MN ) ≈ 50 MeV stronger binding than in KN
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Θ+ properties from diquark-triquark

• |ud dus̄〉:

• ud diquark: I = 0, S = 0, 3̄c

• uds̄ triquark: I = 0, S = 1
2
, 3c with ud in S = 1

=⇒ JP = 1
2

+
, I = 0, 10 of SU(3)f

a similar proposal: [(ud)S=0]
2
s̄, but no hf. for s̄ (Jaffe & Wilczek)

• compute hyperfine interaction:

=⇒ 1
6
(M∆ −MN ) ≈ 50 MeV stronger binding than in KN

• estimate cost of P -wave excitation of {ud} {dus̄} system:

reduced mass ≈ reduced mass of cs̄ in Ds system

=⇒ δEP−wave ≈ 350− (mD∗

s
−mDs

) = 207 MeV
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• uds̄ triquark: I = 0, S = 1
2
, 3c with ud in S = 1

=⇒ JP = 1
2

+
, I = 0, 10 of SU(3)f

a similar proposal: [(ud)S=0]
2
s̄, but no hf. for s̄ (Jaffe & Wilczek)

• compute hyperfine interaction:

=⇒ 1
6
(M∆ −MN ) ≈ 50 MeV stronger binding than in KN

• estimate cost of P -wave excitation of {ud} {dus̄} system:

reduced mass ≈ reduced mass of cs̄ in Ds system

=⇒ δEP−wave ≈ 350− (mD∗

s
−mDs

) = 207 MeV

• mΘ+ ≈ 1592± 50 MeV vs. 1542± 5 MeV (EXP).
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analogous triquark-diquark configuration predicts

mΞ−− = 1720± 50 MeV

vs exp, NA49:

mΞ−− = 1862± 2 MeV, ΓΞ−− < 18 MeV

0

10

20

30

40

50

60

a)

E
nt

ri
es

 / 
7.

5 
M

eV
/c

2

M(Ξπ) [GeV/c2]

-10

0

10

20

30

1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

b)

generic for all correlated quark configurations

but Ξ−−(1862) 400 MeV above Ξπ threshold vs 100 MeV for Θ+

=⇒ challenge for theory: additional degrees of freedom ?
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a mass inequality for Ξ−−∗ and Θ+

hep-ph/0402008

• for unbroken SU(3)f :

M(Ξ−−∗) = M(Θ+) as both in same 10

• SU(3)f breaking: ms > mu

• variational wave function for Ξ−−∗ :

Ψ(Θ+) with u→ s, s̄→ ū

⇒ upper bound on M(Ξ−−∗):

M(Ξ∗−−) ≤M(Θ+)+ms−mu+〈δVhyp(s̄→ ū)〉Θ++〈δVhyp(u→ s)〉Θ+

M(Ξ∗−−)−M(Θ+) <∼ 300 MeV

vs. EXP: 330 MeV

• need confirmation of exp. mass values
• strong constraints on models of 5q structure
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A third pentaquark ?

Another surprise from NA49:

a preliminary peak at approx. 1855 MeV in Ξ(1530)0π− channel:

but 10 does not couple to 10 + 8 in SU(3): 10→/ 10⊗ 8
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A third pentaquark ?

Another surprise from NA49:

a preliminary peak at approx. 1855 MeV in Ξ(1530)0π− channel:

but 10 does not couple to 10 + 8 in SU(3): 10→/ 10⊗ 8

=⇒ Ξ−(1855) /∈ 10 but rather exotic 8 or 27 (J&W)
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a possible explanation for narrow Θ+ width
hep-ph/0401072

• two almost degenerate 2q-2q-s̄ configurations: Θ1 and Θ2

• both can decay via quark rearrangement to isoscalar KN

• so they mix by a loop diagram: Θi → KN → Θj

• diagonalize the mass matrix: Mij = M0〈Θi|T |KN〉〈KN |T |Θj〉

|Θ〉S ≡ cos φ · |Θ1〉+ sin φ · |Θ2〉

|Θ〉L ≡ sin φ · |Θ1〉+ cos φ · |Θ2〉

• the lower eigenstate, ΘL, decouples from the KN channel

destructive interference !
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width suppression in presence of Θ1, Θ2 splitting

ΓΘL

ΓΘS

≤
∆M 2

4Γ2
ΘS

e.g. for ∆M = 40 MeV and ΓΘS
= 120 MeV

suppression factor = 1/36

=⇒ ΓΘL
<∼ 3 MeV
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couplings to K∗N channel not suppressed
so look at

baryon-exchange K−p reactions with K going backward in CM:

K−p→ K̄on; K−p→ K̄∗on; K−p→ K̄oN∗o suppressed

K−p→ K̄∗oN∗o unsuppressed
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experimental challenges

• confirmation of Θ+ and Ξ∗−−

• parity measurement

(a) K+p→ Θ+π+ vs. K+D → Θ+p

(b) polarization asymmetry in ~p ~p→ Σ+Θ+, ~p~n→ ΛΘ+

(c) polarization asymmetry in ~γ n→ K−Θ+

• search for new states:

(a) s̄→ c̄, b̄

(b) Θ+: J = 1
2

with L = 1, S = 1
2

=⇒ 10 with J = 3
2

(c) higher reps: 27, 35, . . .

a new spectroscopy !
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Predictions: Θc and Θ+
b

• Θ+ : {ud} {dus̄} - a narrow resonance
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Predictions: Θc and Θ+
b

• Θ+ : {ud} {dus̄} - a narrow resonance

• s̄→ c̄ :
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Predictions: Θc and Θ+
b

• Θ+ : {ud} {dus̄} - a narrow resonance

• s̄→ c̄ : =⇒ Θc : {ud} {duc̄} JP = 1
2

+
, I = 0

MΘc
= 2985± 50 MeV

Γ(Θc → DN) ∼ (1÷ 2)× 21 MeV .

• s̄→ b̄ : =⇒ Θ+
b : {ud} {dub̄} JP = 1

2

+
, I = 0
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Predictions: Θc and Θ+
b
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Predictions: Θc and Θ+
b

• Θ+ : {ud} {dus̄} - a narrow resonance

• s̄→ c̄ : =⇒ Θc : {ud} {duc̄} JP = 1
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+
, I = 0
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= 2985± 50 MeV

Γ(Θc → DN) ∼ (1÷ 2)× 21 MeV .

• s̄→ b̄ : =⇒ Θ+
b : {ud} {dub̄} JP = 1

2

+
, I = 0

MΘ
+
b

= 6398± 50 MeV

Γ(Θ+
b → BN) ∼ (1÷ 2)× 4 MeV .

=⇒ look for unexpectedly narrow peaks

in D−p, D̄0n, B0p and B+n .
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Predictions: Θc and Θ+
b

• Θ+ : {ud} {dus̄} - a narrow resonance

• s̄→ c̄ : =⇒ Θc : {ud} {duc̄} JP = 1
2

+
, I = 0

MΘc
= 2985± 50 MeV

Γ(Θc → DN) ∼ (1÷ 2)× 21 MeV .

• s̄→ b̄ : =⇒ Θ+
b : {ud} {dub̄} JP = 1

2

+
, I = 0

MΘ
+
b

= 6398± 50 MeV

Γ(Θ+
b → BN) ∼ (1÷ 2)× 4 MeV .

=⇒ look for unexpectedly narrow peaks

in D−p, D̄0n, B0p and B+n .

=⇒ look for protons coming out of charm/bottom decay vertex
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Evidence for Θc from H1?

• a narrow resonance in D∗− p and D∗+ p̄ channels: uuddc̄ and ūūd̄d̄c:

m = 3099± 3± 5 MeV Γ = 12± 3 MeV 5.4 σ

• not seen by ZEUS, despite larger data sample

• D−p: more phase space. Suppressed? (cf. KN vs K∗N couplings of Θ+
s )

• if Γ(Θ+
s ) > 2÷ 3 MeV then Γ(Θc(3099)) >∼ 20÷ 30 MeV
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Pentaquark production in B decays
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• expect reasonable BR for B → baryon + antibaryon

• a striking signature: B → Θ+ + charmed antibaryon

• E and ~p conservation in B CM frame:

unlike multihadron reactions, no kinematical ambiguities!

• in Θ+ → Ks p decay, Ks flavor tagged by antibaryon
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• expect reasonable BR for B → baryon + antibaryon

• a striking signature: B → Θ+ + charmed antibaryon

• E and ~p conservation in B CM frame:

unlike multihadron reactions, no kinematical ambiguities!

• in Θ+ → Ks p decay, Ks flavor tagged by antibaryon
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Pentaquark production in B decays
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• expect reasonable BR for B → baryon + antibaryon

• a striking signature: B → Θ+ + charmed antibaryon

• E and ~p conservation in B CM frame:

unlike multihadron reactions, no kinematical ambiguities!

• in Θ+ → Ks p decay, Ks flavor tagged by antibaryon
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Pentaquark production in B decays

•◦ Bd(b̄d) → c̄+ d+ u+ d̄ → c̄+ d+ u+ d̄+ (uū) + (dd̄) → Θc + n̄

•◦ Bd(b̄d) → c̄+ d+ u+ d̄ → c̄+ d+ u+ d̄+ (uū) + (dd̄) → Θc + ∆̄
0

•◦ B+(b̄u) → c̄+ u+ u+ d̄ → c̄+ u+ u+ d̄+ (dd̄) + (dd̄) → Θc + ∆̄
+

•◦ Bd(b̄d) → c̄+ d+ u+ s̄ → c̄+ d+ u+ s̄+ (dd̄) + (uū) → Θc + Λ̄

•◦ Bd(b̄d) → c̄+ d+ u+ s̄ → c̄+ d+ u+ s̄+ (dd̄) + (uū) → Θ+ + Λ̄c

•◦ B+(b̄u) → c̄+ u+ u+ s̄ → c̄+ u+ u+ s̄+ (dd̄) + (dd̄) → Θ+ + Σ̄o
c

•◦ Bd(b̄d) → ū+ d+ u+ s̄ → ū+ d+ u+ s̄+ (uū) + (dd̄)→ Θ+ + p̄

•◦ B+(b̄u) → ū+ u+ u+ s̄→ ū+ u+ u+ s̄+ (dd̄) + (dd̄) → Θ+ + n̄

Cabibbo hierarchy: •◦ preferred •◦ suppressed •◦ doubly suppressed

•◦ P o(c̄suud) – the “original pentaquark”: Bs(b̄s)→ P o + n̄

and in charm factories

ψ′ → Θ+ +X
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