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1. Introduction
Several recent developments inhadron spectroscopy.
Pentaquarkamong them, but not only pentaquark.

Someuniversally expectedstates seen, at last, or tentatively seen.
For instanceQQ,QQq
Happy feeling of better control.

Other states were expected by aminority:
pentaquarks, molecules and other multiquarks, hybrids, chiral partners, etc.

No single, simple explanation of all new states. Hence everybodyembarrassed
in the event they all survive.
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2. Charmonium

QQ: New states in(cc̄), (bb̄), bc̄.

For instanceη′c
Already searched for inψ′ → γη′c, γγ → η′c, pp̄→ η′c.

New means:B decayanddouble charm prod.

J/Ψ

e+

e−

cc̄

B decay J/Ψ +X

2900 3100 3300 3500 3700

M
KsKπ

 (MeV/c
2
)

0

40

80

E
v
e
n
ts

/4
0
 M

e
V

/c
2

Recoil Mass(J/ψ)          GeV/c
2

N
/2

0
 M

e
V

/c
2

0

10

20

30

2.2 2.6 3 3.4 3.8

http://www2.unil.ch/fvallotton/english/Reflets.htm


Introduction

Charmonium

Double-charm . . .

Tetraquarks, . . .

Pentaquarks

Hexaquarks

Theoretical . . .

Hybrids of . . .

Conclusions

Home Page

Title Page

JJ II

J I

Page 5 of 64

Go Back

Full Screen

Close

Quit

ψ′(2S) − ηc(2S) = 32 ± 6 ± 8 MeV

Smallerthan expected in potential models
Smallerthan expected bypp̄ scanners

Due to coupling toDD,D∗D + c.c. andD∗D∗

In particular , the nearbyDD pushesψ′ down without coupling otη′c
(Eichten et al., Martin et al.)

hc (spin singlet state with̀ = 1)
not yet firmly seen. It is crucial to test theshort-range characterof spin-spin
forces.
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3. Double-charm baryons -Exp.-1

Ξ+
cc

seen in two different decay
modes:
Ξ+
cc → Λ+

cK
−π+

Ξ+
cc → pD+K−

decay at a pre-determined mass value, we take this low
fluctuation probability as solid evidence that the peak is
a real double charm candidate.

The combinatoric background in Fig. 2 is dominated by
events in which a real D− points toward the accidental
overlap of a real proton and a negative track from the
primary interaction, as shown by the wrong-sign events.
Because primary tracks are characterized by lower PT

than charm tracks, we look at the prospects of cutting
on the PT values of the Ξ+

cc → pD+K− state and the
D+

→ K−π+π+ state in order to suppress the accidental
background. This is a blind optimization. We base the
cuts strictly on comparing Monte Carlo signal retention
to sideband background rejection.

Monte Carlo simulation of Ξ+
cc → pD+K− production

with a Gaussian PT spectrum and mean PT ∼ 1
GeV/c shows that most of the Ξ+

cc → pD+K− events
have PT > 0.5 GeV/c. In fact, all of the events in Fig. 2
pass such a cut. The simulation shows that when the
Ξ+

cc → pD+K− state passes this cut, the D meson also
has PT > 0.5 GeV/c most of the time. When we apply
this cut to data, one event is lost from the signal region
and 4 events are removed from the sidebands, consistent
with Monte Carlo expectations. The Poisson fluctuation
likelihood drops to 1.5×10−5 (4.3 σ). This confirms that
the alleged signal behaves like double charm.

One expects a mass resolution of 4 MeV/c2 for the
decay Ξ+

cc → pD+K−. Our simulation correctly repro-
duces the observed widths of all our reported single
charm mesons and baryons. In order to estimate the
mass of the Ξ+

cc → pD+K− state in light of the sparse
statistics in Fig. 2, we fixed the width of the Gaussian
to 4 MeV/c2 and fitted the data distribution around
the signal peak. The fit mass is 3518 ± 3 MeV/c2.
This agrees beautifully with the measurement of 3519
± 2 MeV/c2 from the original double charm baryon
report. We present these data as confirmation of the
double charm state at 3519 MeV/c2 in a new decay
mode Ξ+

cc → pD+K−. The weighted average mass is
3518.7±1.7 MeV/c2. The mass distributions for the two
channels are shown in Fig. 3.

We have used the simulation to study the relative ac-
ceptance for the two decay channels Ξ+

cc → pD+K− and
Ξ+

cc → Λ+
c K−π+ in order to quote a relative branching

ratio. The overall acceptance, including the single charm
selection and the proton identification requirements in
the Ξ+

cc → pD+K− mode, is very similar. The relative
phase space favors the Ξ+

cc → Λ+
c K−π+ mode by a

factor of 4.6. SELEX measures the relative branching
ratio Γ(Ξ+

cc → pD+K− )/Γ(Ξ+
cc → Λ+

c K−π+ ) =
0.078 ± 0.045. The systematic error due to acceptances
is well understood from single charm studies and is
negligible compared to the statistical error.

In Ref. [1] we reported that all observed ccd events
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FIG. 3: Gaussian fits for Ξ+
cc
→ Λ+

c
K−π+ (unshaded) and

Ξ+
cc
→ pD+K− (shaded) on same plot

were produced by the baryon beams. None came from
pions. In this sample, 2 events out of the 26 in Fig. 2 (one
off-peak, one in-peak) are pion-induced. This is lower
than but not inconsistent with the pion luminosity frac-
tion of 10%. In another comparison, we had found that
the Ξ+

cc → Λ+
c K−π+ decays had an exceptionally short

reduced proper time distribution, indicating a ccd decay
lifetime 5-10 times shorter than the Λ+

c lifetime. That
feature is confirmed by the Ξ+

cc → pD+K− channel. As
we noted in Ref. [1], our lifetime resolution is excel-
lent but we cannot exclude zero lifetime for these events
(strong decay). The width of this peak is completely con-
sistent with simulation of a zero-width state, unlikely for
a strong decay of a massive state. Also, we do not see an
increase in the signal when we reduce the vertex signifi-
cance cut L/σ below 1. If this were a strong decay, one
would expect as many events with L/σ of -1 as +1, so
the signal should grow significantly. It does not.

In Ref. [1] we noted that the Ξ+
cc → Λ+

c K−π+ yield
and acceptance implied that a large fraction of the
Λ+

c decays seen in SELEX came from double charm de-
cays. That was a surprise. For the Ξ+

cc → pD+K− case
that is not true. Only a few percent of the SELEX D+

events are associated with double charm.

SELEX reports an independent confirmation of the
double charm baryon Ξ+

cc , previously seen in the
Ξ+

cc → Λ+
c K−π+ decay mode, via the observation of

its decay Ξ+
cc → pD+K−. Using only very loose cuts

gives the statistically significant signal shown in Fig. 2.
Cutting gently on the D-meson PT > 0.5 GeV/c as
suggested by Monte Carlo simulation increases the signal
significance, as expected for a real double charm state.

The authors are indebted to the staff of Fermi National
Accelerator Laboratory and for invaluable technical sup-

4
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Double-charm baryons. Exp.-2
1. other dedicated experiments, e.g., FOCUS, do not see(ccq)

2. Isospin partners, excitations, seen by SELEX, need confirmation.

http://www2.unil.ch/fvallotton/english/Reflets.htm
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Double-charm baryons, Th.-1
Perhaps the most interestingof ordinary hadrons.
Combine in a single object two extreme regime:

1. Slow motion of two heavy quarks, as in quarkonium
2. Relativistic motion of a light quarkin the field of a static coloured source

The largeM/m ratio in (QQq) indicates aquark–diquarkstructure. and sug-
gests atwo-stepcalculation

1. SolveQQ with QQ direct interaction, to estimate the diquark
2. Solve[QQ]− q to estimate the baryon

http://www2.unil.ch/fvallotton/english/Reflets.htm
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Double-charm baryons, Th.-2
Instead, aBorn–Oppenheimerapproach is perhaps better suited.

1. For a givenQQ separation,estimate the light quark energyin the field of
two colour sources

2. Add the directQQ interaction, to build theeffectiveQQ potential

3. Solve theQQ problem.

Tests in simple NR models show that the Born–Oppenheimer approximation
is better than accurate (Fleck, R.)

The method could be applied with a better treatment of the light quark. One
could also estimate directly the effectiveQQ potential on thelattice.

http://www2.unil.ch/fvallotton/english/Reflets.htm
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Double-charm baryons, Weak decays-1

D0(cū) andD+(cd̄) havedifferent lifetimes.

c quark, when decaying, does not ignore its surrounding.

BesidessimpleW+ emission(followed by lepton-pair or quark–antiquark cre-
ation), and by hadronization), there is acontribution ofW exchange.

Also interferencesin the final state.

Applied to single-charm baryons, with qualitative success, but the spread of
lifetimes larger than predicted.

∃ predictions fordouble-charm baryons. Again: simpleW+ emission, W -
exchange, interferences

In ccq (and inbc̄), thec quark is deeply bound,

discussions on the influence on lifetime.

http://www2.unil.ch/fvallotton/english/Reflets.htm
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Double-charm baryons, Weak decays-2
Comparison of heavy hadron lifetimes(from Cooper)
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Some contributions to the weak decay of double-charm baryons

c s

c c

s s

W
f̄

f

c s

c c

u u

W
d̄

u

c c

c s

d u
W

Typical prediction:τ (Ξ+
cc) < τ (Ω+

cc) < τ (Ξ++
cc )

(Guberina, Kiselev, Fleck, etc.) Interest also in BR (e.g., Semi-lept. vs.
hadronic)
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Beyond double charm: triple charm
The ultimate goal of baryon spectroscopy (Bjorken)
To study the(QQQ) dynamics
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4. Tetraquarks, Exotic Mesons
Speculations on(qqq̄q̄) for many years. Alsogluonium, hybrids, etc.

• Low-lying scalar mesons (Jaffe, etc.)

• Excess of scalar mesons (L. Montanet, etc.)

• Long-range meson-meson interaction (see below)

• Favourable mass assymmetry in(QQq̄q̄), etc.

Possible candidates ?

http://www2.unil.ch/fvallotton/english/Reflets.htm
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cs̄
D∗s,J states at Belle, Babar, Cleo, Selex, etc.

Scalar excitation close to ground state. Too large a spin-orbit force for poten-
tial models. Chiral partner of the ground-state? Or 4-quark state(cs̄qq̄)?5

FIG. 1: (a) The distribution of K+K−π+ mass for all can-
didate events. Additional selection criteria, described in the
text, have been used to produce the lower histogram. (b) The
two-photon mass distribution from D+

s π0 candidate events.
D+

s and π0 signal and sideband regions are shaded. (c)
The D+

s π0 mass distribution for candidates in the D+
s sig-

nal (top histogram) and K+K−π+ sideband regions (shaded
histogram) of (a). (d) The D+

s γγ mass distribution for signal
D+

s candidates and a photon pair from the π0 signal region of
(b) (top histogram) and the sideband regions of (b) (shaded
histogram).

dates with the photon pairs from the π0 signal and side-
band regions of Fig. 1(b) (the sideband distribution is
again shaded). In this case, all photon pairs in the signal
region of Fig. 1(b) are used. In Figs. 1(c) and 1(d) the
2.32 GeV/c2 signal is absent from the sideband distribu-
tions indicating quite clearly that the peak is associated
with the D+

s
π0 system. No other signal in the region up

to 2.7 GeV/c2 is evident in these plots, except for a small
D∗

s
(2112)+ → D+

s
π0 signal in Fig. 1(c).

In order to improve mass resolution, the nominal D+
s

mass [1] has been used to calculate the D+
s

energy for the
distributions of Fig. 1(d), for the D+

s
signal distribution

of Fig. 1(c), and for all subsequent mass distributions
involving D+

s
candidates.

The D+
s π0 mass distribution for p∗(D+

s π0) >
3.5 GeV/c is shown in Fig. 2(a). Similar distributions
produced for p∗ values ranging from 2.5 to 4.5 GeV/c
show the same prominent peak at the same mass value.
The fit function drawn on Fig. 2(a) comprises a Gaussian
function describing the 2.32 GeV/c2 signal and a third-
order polynomial background distribution function. The
fit yields 1267 ± 53 candidates in the signal Gaussian
with mass (2316.8±0.4) MeV/c2 and standard deviation
(8.6± 0.4) MeV/c2 (statistical errors only). The system-
atic uncertainty in the mass is conservatively estimated

FIG. 2: The D+
s π0 mass distribution for (a) the decay D+

s →

K+K−π+ and (b) the decay D+
s → K+K−π+π0. The fits to

the mass distributions as described in the text are indicated
by the curves.

to be less than 3 MeV/c2. The broad peak in Fig. 2(a)
centered at 2.16 GeV/c2 is due to random D∗

s(2112)+γ
combinations where D∗

s
(2112)+ → D+

s
γ.

The signal, which we label D∗
sJ

(2317)+, is observed in
both the φπ+ and K∗0K+ decay modes of the D+

s
. In

addition, a sample of D+
s → K+K−π+π0 decays is se-

lected by adding π0 candidates (refit to the K+K−π+

vertex) to each K+K−π+ candidate. The purity of this
D+

s sample is enhanced by requiring a π0 fit probabil-
ity of at least 10% and selecting the K∗±, K∗0, φ, or ρ+

mass regions for the relevant two-body subsystems. Each
resulting D+

s
candidate is combined with a second π0 can-

didate with lab momentum greater than 300 MeV/c. A
clear D∗

sJ
(2317)+ signal is observed as shown in Fig. 2(b).

A Gaussian fit yields 273 ± 33 events with a mean of
(2317.6±1.3) MeV/c2 and width (8.8±1.1) MeV/c2 (sta-
tistical errors only). The mean and width are consistent
with the values obtained for the D+

s
→ K+K−π+ decay

mode. The mass distribution of the D+
s → K+K−π+π0

sample (not shown) peaks at (1967.4±0.2) MeV/c2 (sta-
tistical error only).

We use a Monte Carlo simulation to investigate the
possibility that the D∗

sJ
(2317)+ signal could be due to

reflection from other charmed states. This simulation
includes e+e− → cc̄ events and all known charm states
and decays. The generated events were processed by a
detailed detector simulation and subjected to the same
reconstruction and event-selection procedure as that used
for the data. No peak is found in the 2.32 GeV/c2

D+
s

π0 signal region. In addition, no signal peak is pro-
duced when the K± and π± identities are deliberately
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FIG. 1: ∆E (left) and M(DsJ ) (right) distributions for the B → D̄DsJ candidates: (a) DsJ (2317) → Dsπ
0, (b) DsJ (2457) →

D∗

sπ0 and (c) DsJ (2457) → Dsγ. Points with errors represent the experimental data, crosshatched histograms show the
sidebands and curves are the results of the fits.

TABLE I: Product branching fractions for B → D̄DsJ decays.

Decay channel ∆E yield M(DsJ ) yield Efficiency, 10−4
B, 10−4 Significance

B+
→ D̄0D+

sJ
(2317) [D+

s π0], 13.7+5.1
−4.5 13.4+6.2

−5.4 1.36 8.1+3.0
−2.7 ± 2.4 5.0σ

B0
→ D−D+

sJ
(2317) [D+

s π0] 10.3+3.9
−3.1 10.8+4.2

−3.6 0.97 8.6+3.3
−2.6 ± 2.6 6.1σ

B+
→ D̄0D+

sJ
(2317) [D∗+

s γ] 3.4+2.8
−2.2 2.1+4.1

−3.4 1.08 2.5+2.1
−1.6(< 7.6) —

B0
→ D−D+

sJ
(2317) [D∗+

s γ] 2.3+2.5
−1.9 1.6+2.4

−1.9 0.69 2.7+2.9
−2.2(< 9.5) —

B+
→ D̄0D+

sJ
(2457) [D∗+

s π0] 7.2+3.7
−3.0 8.9+4.0

−3.3 0.49 11.9+6.1
−4.9 ± 3.6 2.9σ

B0
→ D−D+

sJ
(2457) [D∗+

s π0] 11.8+3.8
−3.2 14.9+4.4

−3.9 0.42 22.7+7.3
−6.2 ± 6.8 6.5σ

B+
→ D̄0D+

sJ
(2457) [D+

s γ] 19.1+5.6
−5.0 20.2+7.2

−6.9 2.75 5.6+1.6
−1.5 ± 1.7 5.0σ

B0
→ D−D+

sJ
(2457) [D+

s γ] 18.5+5.0
−4.3 19.6+5.6

−4.9 1.83 8.2+2.2
−1.9 ± 2.5 6.5σ

B+
→ D̄0D+

sJ
(2457) [D∗+

s γ] 4.4+3.8
−3.3 8.2+4.0

−3.4 1.15 3.1+2.7
−2.3(< 9.8) —

B0
→ D−D+

sJ
(2457) [D∗+

s γ] 1.1+1.8
−1.2 0.2+1.8

−1.2 0.71 1.3+2.0
−1.4(< 6.0) —

B+
→ D̄0D+

sJ
(2457) [D+

s π+π−] < 4.0 −2.2+2.0
−1.6 1.89 < 2.2 —

B0
→ D−D+

sJ
(2457) [D+

s π+π−] < 2.5 −1.2+2.7
−2.0 1.35 < 2.0 —

B+
→ D̄0D+

sJ
(2457) [D+

s π0] < 2.4 1.0+2.7
−2.0 0.94 < 2.7 —

B0
→ D−D+

sJ
(2457) [D+

s π0] < 2.4 0.3+1.8
−1.2 0.68 < 3.6 —

not seen. We set 90% confidence level (CL) upper limits
for these modes.

We study the possible feed-across between all stud-
ied DsJ decay modes using MC. We also analyze a MC
sample of generic BB̄ events corresponding to our data
sample. No peaking background is found. As a check,
we apply a similar procedure to decay chains with the

similar final states: B → D̄(∗)D
(∗)
s . For each mode, we

measure branching fractions that are consistent with the
world average values [18].

The following sources of systematic errors are consid-
ered: tracking efficiency (1-2% per track), kaon identi-
fication efficiency (1%), π0 efficiency (6%), K0

S recon-
struction efficiency (6%), D branching fraction uncer-
tainties (2%-6%), signal and background shape param-
eterization (4%) and MC statistics (3%). The uncer-
tainty in the tracking efficiency is estimated using par-
tially reconstructed D∗+ → D0[K0

Sπ+π−]π+ decays.
The kaon identification uncertainty is determined from
D∗+ → D0[K−π+]π+ decays. The π0 reconstruction

BABAR (B decay) BELLE (B decay)
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FIG. 1: Distributions of (a) the masses M(Dsπ
0) of the Dsπ

0 candidates and (b) the mass differ-

ences ∆M(Dsπ
0) = M(Dsπ

0)−M(Ds) for events satisfying cuts on M(KKπ) consistent with the

Ds mass and M(γγ) consistent with the π0 mass, as described in the text. The points represent

the CLEO data, while the solid histogram is the predicted spectrum from the Monte Carlo simu-

lation of e+e− → qq events. The predicted spectrum is normalized absolutely by the ratio of the

equivalent luminosity of the Monte Carlo sample used to the luminosity of the CLEO data sample.

The overlaid curve represents the results from a fit of the data to a Gaussian signal function plus

a second-order polynomial background function.

luminosity of the data sample to the equivalent luminosity of the Monte Carlo sample. This
normalization is known to a precision of approximately ±5%.

The agreement between the Monte Carlo and data distributions in Fig. 1 in normalization
as well as shape demonstrates that the simulation of ‘random’ photons accompanying Ds

decays is accurate. The accuracy of this simulation is important for our detailed analysis of
this signal, described in Section VA.

We have investigated mechanisms by which a peak at 2.32 GeV/c2 could be generated
from decays involving known particles, either through the addition, omission or substitution
of a pion or photon, or through the mis-assignment of particle masses to the observed
charged particles. In no cases were narrow enhancements in the M(Dsπ

0) spectrum near
2.32 GeV/c2 observed. We will discuss the issue of backgrounds from a new resonance at
2.46 GeV/c2 when we describe our studies of the D∗+

s π0 final state.

6

FIG. 4: (a) The mass difference spectrum ∆M(D∗

sπ
0) = M(Dsγπ0) − M(Dsγ) for combinations

where the Dsγ system is consistent with D∗

s decay, as described in the text. (b) The corresponding

spectrum where Dsγ combinations are selected from the D∗

s side band regions, defined as 20.8 <

|∆M(Dsγ)− 143.9MeV/c2| < 33.8MeV/c2.

consistent with our mass resolution of 6.6 ± 0.5 MeV/c2. The existence of this peak leads
us to investigate the possibility of a second narrow resonance with a mass near 2.46 GeV/c2

that decays to D∗+
s π0. We note that a similar peak is also present in the M(D∗

sπ
0) spectrum

observed by BaBar [1], although BaBar does not claim this as evidence for a new state. For
ease of notation, we refer to the postulated particle as the DsJ(2463)+.

A. Analysis of cross feed between D+
s

π0 and D∗+
s

π0 samples

The kinematics of the D+
s π0 and D∗+

s π0 decays are quite similar, and it is possible that
they can reflect into one another. For example, by ignoring the photon from the D∗

s decay
in DsJ(2463)+ → D∗+

s π0 decays, nearly all the putative signal combinations form a peak
in the ∆M(Dsπ

0) spectrum in the same region as the D∗

sJ(2317) signal described in pre-
vious sections of this article. We refer to the background entering via this scenario in the
D∗

sJ(2317)+ → D+
s π0 sample as ‘feed down’ from the DsJ(2463) state. The impact of ne-

glecting the photon is that this peak in ∆M(Dsπ
0) is broader than that for real D∗

sJ(2317)
decays. From Monte Carlo simulations, we determine the width of this smeared peak to be
σ = 14.9± 0.4 MeV/c2.

10

CLEO
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Another intriguing D∗
s reported

Fig. state events ∆M Mass Significance σ Γ χ2/nd

MeV/c2 MeV/c2 (S −B)/
√

B MeV/c2 MeV/c2

1 η(548)→ γγ 5087± 863 544.8 ± 2.9 13.9 σ 27.8 ± 4.3 1.17

2 D+
s (2632) → D+

s η 45± 9.3 667.4 ± 2.9 2635.9 ± 2.9 7.2 σ 10.7 0.95

3 D+
s (2573) → D0K+ 25± 9 705.4 ± 4.3 2569.9 ± 4.3 5.4 σ 4.9 14+9

−6 0.77

3 D+
s (2632) → D0K+ 14± 4.5 767.0 ± 1.9 2631.5 ± 1.9 5.3 σ 4.9 < 17(90%CL)

TABLE I: Fit results for Figures 1-3.
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FIG. 1: M(γγ) distribution for photon pairs in the η mass
region. Results for the fit shown are in Table I. The inset
shows the background subtracted η signal. The dark points
indicate the η signal region.

followed the pattern Ds plus pseudoscalar meson. We
had good acceptance and efficiency for the Ds η channel.
Event selection required that each photon in the η → γγ
decay have E > 2 GeV and that Eη > 15 GeV. The
Ds momenta are typically 150GeV/c in the SELEX data
set, so this η energy cut is very loose. We rejected events
in which there were more than 5 η candidates. The η
signal region is shown in Fig. 1.

The results of our search are shown in the M(KKπ± η)
- M(KKπ±) mass difference distribution in Fig. 2(a). In
this plot we fixed the η mass at the PDG value [17] by
defining an η 4-vector with the measured η momentum
and the PDG η mass. A clear peak is seen for a mass
difference of 667.4 ± 2.9 MeV/c2. To estimate the com-
binatoric background, we took the Ds candidate from
one event and the η candidates from a previous event
to form a event-mixed sample representing the combi-
natoric background of true single charm production and
real η candidates. As can be seen in Fig. 2(b), the event-
mixed background models the background shape in (a)
quite well, but produces no signal peak. After the initial
sharp rise at threshold, the event-mixed background is
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FIG. 2: (a) M(KKπ± η) - M(KKπ± ) mass difference distri-
bution. Charged conjugates are included. The shaded region
is the event excess used in the estimation of signal significance.
Results for the fit shown are in Table I. (b) Mass difference
distribution for mixed events as described in the text.

fit well by a constant. Therefore we fit the signal channel
with a Gaussian plus a constant in this mass difference
interval. The width of the Gaussian was fixed at the
simulation value of 10.7 MeV/c2. We did not convolve
the resolution function with a Breit-Wigner for this fit
because the D0K+ width, to be discussed below, is con-
sistent with a 4.9 MeV/c2 Gaussian, while this peak has
Gaussian resolution of 10.7 MeV/c2. The reduced χ2 for
the fit is 0.95. There is an excess of 49.3 events over
an expected background of 51.7 events with a signifi-
cance of 7.2 σ at a mass of 2635.9 ± 2.9 MeV/c2. The
yield and the statistical significance are stable as we vary
the fit’s starting point.The signal does not change with
variations of ± 2% in the photon energy scale. We also
studied combinations of events in the Ds mass sidebands
with η candidates and candidates in the Ds mass peak
with events in the η mass sidebands. In all cases only
smooth combinatoric backgrounds, as in Fig. 2(b), were
observed.

A GEANT simulation was also used to determine the
overall acceptance for these signals. If we detected the

3
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had good acceptance and efficiency for the Ds η channel.
Event selection required that each photon in the η → γγ
decay have E > 2 GeV and that Eη > 15 GeV. The
Ds momenta are typically 150GeV/c in the SELEX data
set, so this η energy cut is very loose. We rejected events
in which there were more than 5 η candidates. The η
signal region is shown in Fig. 1.

The results of our search are shown in the M(KKπ± η)
- M(KKπ±) mass difference distribution in Fig. 2(a). In
this plot we fixed the η mass at the PDG value [17] by
defining an η 4-vector with the measured η momentum
and the PDG η mass. A clear peak is seen for a mass
difference of 667.4 ± 2.9 MeV/c2. To estimate the com-
binatoric background, we took the Ds candidate from
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to form a event-mixed sample representing the combi-
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FIG. 2: (a) M(KKπ± η) - M(KKπ± ) mass difference distri-
bution. Charged conjugates are included. The shaded region
is the event excess used in the estimation of signal significance.
Results for the fit shown are in Table I. (b) Mass difference
distribution for mixed events as described in the text.

fit well by a constant. Therefore we fit the signal channel
with a Gaussian plus a constant in this mass difference
interval. The width of the Gaussian was fixed at the
simulation value of 10.7 MeV/c2. We did not convolve
the resolution function with a Breit-Wigner for this fit
because the D0K+ width, to be discussed below, is con-
sistent with a 4.9 MeV/c2 Gaussian, while this peak has
Gaussian resolution of 10.7 MeV/c2. The reduced χ2 for
the fit is 0.95. There is an excess of 49.3 events over
an expected background of 51.7 events with a signifi-
cance of 7.2 σ at a mass of 2635.9 ± 2.9 MeV/c2. The
yield and the statistical significance are stable as we vary
the fit’s starting point.The signal does not change with
variations of ± 2% in the photon energy scale. We also
studied combinations of events in the Ds mass sidebands
with η candidates and candidates in the Ds mass peak
with events in the η mass sidebands. In all cases only
smooth combinatoric backgrounds, as in Fig. 2(b), were
observed.

A GEANT simulation was also used to determine the
overall acceptance for these signals. If we detected the
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Another intriguing state
in the(cc̄) sector:

X(3.872)

(cc̄)? or (cq̄ − c̄q)?
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X(3872), cont.
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D0 evidence forX(3872)

http://www2.unil.ch/fvallotton/english/Reflets.htm


Introduction

Charmonium

Double-charm . . .

Tetraquarks, . . .

Pentaquarks

Hexaquarks

Theoretical . . .

Hybrids of . . .

Conclusions

Home Page

Title Page

JJ II

J I

Page 23 of 64

Go Back

Full Screen

Close

Quit

X(3872) not seen at CLEO (e+e− → e+e− +X),
i.e.,not coupled toγγ, this setting restrictions on its quantum numbers.

Spectroscopy:A molecular interpretation favoured.
Production:Some patterns are similar to those of ordinary charmonium. (D0
collbaroration)
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5. Pentaquarks

5.1. Light pentaquark

Positive results
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Experimental signals for pentaquarks(Zhao and Close).
Experiments bf Mass (MeV) Width (MeV) bf Observation
SPring-8[1] 1540± 10 < 25 nK+

SAPHIR[3] 1540± 4± 2 < 25 nK+

CLAS-1 [2] 1542± 5 < 21 nK+

CLAS-2 [4] 1555± 10 < 26 nK+

DIANA [5] 1539± 2 < 9 K+n→ K0
Sp

HERMES[6] 1528± 2.6± 2.1 17± 9± 3 pK0
S

SVD [8] 1526± 3± 3 < 24 pK0
S

ITEPν [7] 1533± 5 < 20 pK0
S

ZEUS[9] 1521.5± 1.5
+2.8
−1.7

6.1± 1.6
+2.0
−1.4

pK0
S, p̄K0

S

COSY-TOF[10] 1530± 5 < 18± 4 pp→ Σ+pK0
S
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Negative resultsby ALEPH, HERA-b, CDF, BES, PHENIX, STAR, OPAL,
DELPHI, HyperCP, etc. Other negative results not published.

ALEPH results, for instance
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PHENIX results
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E690by D. Christian at QNP 2004
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E871/HyperCPby M. Longo at QNP 2004
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Pentaquark andKN scattering
See Cahn and Trilling,
Sibirtsev et al., hep-ph/0405099;
Nussinov, hep-ph/0307357;
R.A. Arndt et al., nucl-th/0311030;
Haidenbauer & Krein,Phys.Rev. C68, 05221(2003).

A small widthis required for this state have escape detection in early or recent
analyses ofKN data.

Alternatively, the state is perhaps seen (DIANA, Gibbs, nucl-th/0405024) but
again, with asmall width

But a small width is hard to understand.
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From Meissmer et al.
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5.2. Ξ−− candidate

NA49 claim(part of the collaboration)
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NA49 result(rest of the collaboration)
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CDF search forΞ−−, Summer 2004

]
2

[GeV/c

1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2

2
N

 /
 1

0
 M

e
V

/c

0

500

1000

1500
CDF Run II Preliminary

)-π
-

ΞM(

-1
L~220 pb

 track found in SVXΞ

(1860)’Ξ’

http://www2.unil.ch/fvallotton/english/Reflets.htm


Introduction

Charmonium

Double-charm . . .

Tetraquarks, . . .

Pentaquarks

Hexaquarks

Theoretical . . .

Hybrids of . . .

Conclusions

Home Page

Title Page

JJ II

J I

Page 42 of 64

Go Back

Full Screen

Close

Quit

BaBarsearch forΞ−−

http://www2.unil.ch/fvallotton/english/Reflets.htm


Introduction

Charmonium

Double-charm . . .

Tetraquarks, . . .

Pentaquarks

Hexaquarks

Theoretical . . .

Hybrids of . . .

Conclusions

Home Page

Title Page

JJ II

J I

Page 43 of 64

Go Back

Full Screen

Close

Quit

ALEPH search forΞ−−

Ξ
–
π

–
 mass

0

25

50

75

1.4 1.6 1.8 2

GeV/c
2

N
(Ξ

–
π

–
) 

/ 
5

 M
e
V

/c
2

Ξ(1862)
– –

a)

ALEPH

Ξ
–
π

+
 mass

0

50

100

1.4 1.6 1.8 2

GeV/c
2

N
(Ξ

–
π

+
) 

/ 
5

 M
e
V

/c
2

Ξ(1530)
0

Ξ(1862)
0

b)

http://www2.unil.ch/fvallotton/english/Reflets.htm


Introduction

Charmonium

Double-charm . . .

Tetraquarks, . . .

Pentaquarks

Hexaquarks

Theoretical . . .

Hybrids of . . .

Conclusions

Home Page

Title Page

JJ II

J I

Page 44 of 64

Go Back

Full Screen

Close

Quit

5.3. Heavy pentaquark

5.3.1. Experimental search

E791(with strangeness) H1 (without strangeness)
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6. Hexaquarks

6.1. Light hexaquarks

Various claims for non-strange dibaryons, never considered as confirmed.

TheH(uuddss) searched for in several experiments. Never seen. In particu-
lar, the hypernucleus6

ΛΛHe not seen decaying intoα +H .

6.2. Heavy hexaquarks

Speculations on dibaryons withcharmC = 2 or higher. See, e.g., Julia-Diaz
et al.
To be searched.
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7. Theoretical studies of multiquark spec-
troscopy

Usually little interest, except in simple constituent models.
Wave of works after the announcement of pentaquark candidates.

7.1. Lattice QCD

Sasaki, Czikor et al., Negele et al. found a possible signal close aboveKN
threshold, withnegative parity.

Ting-Wai Chiu and Tung-Hang Tsieh (hep-ph/0403020 ) assumes the Jaffe–
Wilczek type of diquark clustering, and, not surprisingly, found something
with positive paritynear 1.5 GeV.

Mathur et al. foundnothing, just theKN threshold.

Etc., state far from being stabilised.
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MIT group @ QNP 2004
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Mathur et al.

6

In Fig. 2, we plot a few more correlation functions.
As in Fig. 1, the left side figures are for positive parity
and the top 6 figures are for the smaller volume lattice.
Figures on the left side show the effect of ghost states
in the correlation function. Note that the ghost states
are only noticeable in the very light quark mass region.
The effect of the ghost states decreases as the pion mass
increases, and decouples from the correlation function
near pion mass around 300 MeV. The right side figures
are for the negative parity channel and they are always
positive. In the previous lattice calculations [6, 7, 8], the
pion masses are above 440 MeV, and therefore, there is
no need to consider the ghost states. Since our lowest
pion mass is 182 MeV, we will need to take the ghost
states into account in the 1/2+ channel.
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FIG. 3: The computed ground state mass in the I(JP ) =

0
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channel as a function of m2
π for the two lattices

L=2.4 fm and L=3.2 fm. The curve is the KN threshold
energy in the S-wave EKN (p = 0) = mK + mN .
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FIG. 4: This is an enlarged version of the Fig. 3 for the small
quark mass region.
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FIG. 5: The computed masses in the I(JP ) = 0
(

1/2−
)

chan-

nel as a function of m2
π (for 3.2 fm lattice). The first excited

state (square) is shown along with the ground state (circle).
The first few scattering states corresponding to different dis-
crete momenta (for n = 0,1,2,3 and 4) are shown by dashed
lines.

C. Negative-parity channel

Fig. 3 shows the results for the ground state in the
I(JP ) = 0 (1/2−) channel as a function of m2

π. Also plot-
ted is the KN threshold energy in the S-wave EKN (p =
0) = mK +mN which is the same on both lattices. There
is no need to consider ghost states in this channel, which
is supported by the fact that the correlation function
is positive throughout. The ground state energy on the
smaller lattice (L=2.4 fm) is consistently higher than that
on the larger one (L=3.2 fm). At the lowest mass, the en-
ergy coincides with the S-wave threshold, meaning that
there is little interaction, which is consistent with the ex-
perimental fact of zero scattering length (see Table II).

We notice that at larger m2
π, the fitted ground state

is higher than the mK + mN threshold. In the higher
quark mass region, the excited states have larger weight
relative to the ground state. This, together with a some-
what smaller mass gap between different momenta state
at higher quark masses, results in an effective mass which
continues to drop at the largest time slices. As a result, in
the higher quark mass region it is more difficult to isolate
the ground state and the fitted lowest state is a mixture
of the ground state and the excited states with p = 1 and
higher. The fact that the fitted lowest state energy on
the smaller lattice (L=2.4 fm) is higher than that on the
larger one (L=3.2 fm) for the same higher m2

π is consis-
tent with this interpretation since the pL in the smaller
lattice is larger than that in the larger lattice, leading to
a mixed state with higher energy in the smaller lattice.
In the low quark mass region, the excited states have
smaller relative weights, and thus we are able to fit the
ground state more accurately close to the mass threshold
(i.e. mK + mN with p = 0). However, the lack of statis-
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7.2. QCD sum rules

Powerful interpolation between perturbative and non-perturbative effects

But delicate

Some found states in all isospin states, so perhaps they have not yet removed
the threshold.

Eidem̈uller assumes the same diquark clustering as Jaffe and Wilczek, gets
P = +1.

Sugiyamma et al. foundP = −1. Same for Zhu.

Too much dependence on the choice of operator.See, e.g., Kondo et al.

Same uncertainty forΞ−−. See Matheus et al.

Cf. baryons in early days of QCD sum rules.
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7.3. Chiral soliton model

Dramatic prediction ofsomething exoticbeyond octet (N, Λ, etc. ) and
decuplet (∆, . . .Ω−).

10 structure of the new multiplet,P = +1 unambiguous predictions of this
approach (Chemtob, Praszalowicz, Manohar, Diakonov, Petrov and Polyakov,
etc. remarkable pioneers )

Adjustment of mass, prediction of width:some uncertainty remains.
Still many features of this approach to be refined and clarified. See, e.g., Cohen

http://www2.unil.ch/fvallotton/english/Reflets.htm


Introduction

Charmonium

Double-charm . . .

Tetraquarks, . . .

Pentaquarks

Hexaquarks

Theoretical . . .

Hybrids of . . .

Conclusions

Home Page

Title Page

JJ II

J I

Page 54 of 64

Go Back

Full Screen

Close

Quit

http://www2.unil.ch/fvallotton/english/Reflets.htm


Introduction

Charmonium

Double-charm . . .

Tetraquarks, . . .

Pentaquarks

Hexaquarks

Theoretical . . .

Hybrids of . . .

Conclusions

Home Page

Title Page

JJ II

J I

Page 55 of 64

Go Back

Full Screen

Close

Quit

7.4. Constituent models

Main results

1. No multiquark for equal masses and confinement with usual colour de-
pendence(The proliferation of multiquarks comes only in models with ad-hoc clustering

hypothesis, not out of tedious few-body calculations.)

2. Mass asymmetry favours(QQq̄q̄) as in atomic physics.

3. Spin-colour forces have interesting coherences. But . . .

4. Spin-flavour alternative also. Favourpositive-paritypentaquarks. (Gloz-
man,Stancu and Riska, Huang, Carlson et al., Hosada)
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Do not forget:

• Long-range forces. Good enough to bindpn. A Yukawa potential also
expected between other particles containing light quarks.
A weaker potential can still bind if experienced by heavier particles.
→ DD̄∗ + cc model ofX(3.872).
See, for instance, T̈ornqvist, Ericson and Karl, Manohar and Wise,
Braaten, Swanson, etc.
Charmed baryons might also form bound states. (Julia-Diaz + Riska)

• Borromean binding. If the potential is slightly too weak to bind two
hadrons, it may well bind three hadrons.
See, in particular, the refreshing appraoch to pentaquark by Bicudo: a
borromeanKNπ molecule, i.e., heptaquark. See, also, Felipe J. Llanes-
Estrada (Madrid U.), E. Oset & V. Mateus.
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• ad-hoc clustering might workDiquark, for instance, advocated many
many years ago to explain why mesons and baryons have the same Regge
slope (M 2 vs.J ). Same3− 3̄ string tension.
Diquark clustering in baryons at highJ was proved much later.

• ad-hoc clustering might failsee, e.g., some of the speculations on baryo-
nium in the late 70’s.

See, also, Frederiksson & Jändel. Phys.Rev.Lett.48:14,1982.
And, more recently, Zhu, who remarks that a low lying[ud][ud]s̄ might
mean embarrassing low-lying dibaryons.

• Opening the Pandora’s box

[ud] [ud]︸ ︷︷ ︸
`=1

s̄ = 1.54 GeV
?

=⇒ [ud] [ds] [sd]︸ ︷︷ ︸
`=0

∼ 2 GeV , H?

[ud] [uds̄]︸ ︷︷ ︸
`=1

= 1.54 GeV
?

=⇒ [uds̄] [uds̄] [uds̄]︸ ︷︷ ︸
`=0

< Ω−d threshold

etc.
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8. Hybrids of heavy quarkonia
Early speculation by Mandula and Horn (1978), and Hasenfratz, Horgan, Kuti
and R. (1980).

The gluon, beingcoloured, is not only the vector of the interaction, it can also
play aconstituentrole.

Ordinary quarkonium : governed byVQQ, a kind of Born–Oppenheimer
potential with the gluon field in its gournd-state.

Hybrid quarkonium : Next Born–Opppenheimer potential, with gluon field
excited.
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1980 predictions

cc̄g ∼ 4 GeV bb̄g ∼ 10.4 GeV
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Further predictions
Flux-tube models, lattice QCD Usually masses a little higher.

Recently discovered state

DISCUSSION

We have observed a strong near-threshold enhancement in the ωJ/ψ mass spectrum
in exclusive B → KωJ/ψ decays. The enhancement peaks well above threshold and is
broad [9]: if treated as a single resonance, we find a mass of 3941 ± 11 MeV and a total
width Γ = 92 ± 24 MeV. It is expected that any “normal” cc̄ charmonium meson with
this mass would dominantly decay to DD̄ and/or DD̄∗; hadronic charmonium transitions
should have minuscule branching fractions. The properties of the observed enhancement
are similar to those of cc̄-gluon charmonium hybrid states that occur in Lattice QCD [10]
and are expected to be produced in B-meson decays [11]. However, the Lattice calculations
indicate that the lightest hybrid states have masses around 4400 MeV, well above the mass
of the enhancement reported here.

Acknowledgments

We thank the KEKB group for the excellent operation of the accelerator, the KEK
Cryogenics group for the efficient operation of the solenoid, and the KEK computer group
and the National Institute of Informatics for valuable computing and Super-SINET network
support. We acknowledge support from the Ministry of Education, Culture, Sports, Science,
and Technology of Japan and the Japan Society for the Promotion of Science; the Australian
Research Council and the Australian Department of Education, Science and Training; the
National Science Foundation of China under contract No. 10175071; the Department of
Science and Technology of India; the BK21 program of the Ministry of Education of Korea
and the CHEP SRC program of the Korea Science and Engineering Foundation; the Polish
State Committee for Scientific Research under contract No. 2P03B 01324; the Ministry
of Science and Technology of the Russian Federation; the Ministry of Education, Science
and Sport of the Republic of Slovenia; the National Science Council and the Ministry of
Education of Taiwan; and the U.S. Department of Energy.

∗ on leave from Nova Gorica Polytechnic, Nova Gorica

[1] S.K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 89, 102001 (2002).

[2] S.K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 91, 262001 (2003).

[3] S. Kurokawa and E. Kikutani, Nucl. Instr. and. Meth. A 499, 1 (2003).

[4] A. Abashian et al. (Belle Collaboration), Nucl. Instr. and Meth. A 479, 117 (2002) and

Y. Ushiroda (Belle SVD2 Group), Nucl. Instr. and Meth. A 511, 6 (2003).

[5] We require |M(ℓ+ℓ−)−MJ/ψ| < 0.02 GeV and reduce lepton momentum resolution effects by

defining M(π+π−π0J/ψ) ≡M(π+π−π0ℓ+ℓ−)−M(ℓ+ℓ−) +MJ/ψ.

[6] H. Albrecht et al. (ARGUS Collaboration), Phys. Lett. B 299, 304 (1989).

[7] We use the form Γ(q∗/q0)
(M2

−M2

0
)2+(M0Γ(q∗/q0))2

, where M0 is the peak mass and q0 = q∗(M = M0).

[8] S. Eidelman et al., Phys. Lett. B 592, 1 (2004).

[9] The M(ωJ/ψ) mass resolution is ≃6 MeV, much narrower than the observed enhancement.

[10] See, for example, S. Godfrey and J. Napolitano, Rev. Mod. Phys. 71, 1411 (1999), and

references cited therein.

[11] F.E. Close and S. Godfrey, Phys. Lett. B 574, 210 (2003).

10

http://www2.unil.ch/fvallotton/english/Reflets.htm


Introduction

Charmonium

Double-charm . . .

Tetraquarks, . . .

Pentaquarks

Hexaquarks

Theoretical . . .

Hybrids of . . .

Conclusions

Home Page

Title Page

JJ II

J I

Page 62 of 64

Go Back

Full Screen

Close

Quit

Belle, hep-ex/0408126

http://www2.unil.ch/fvallotton/english/Reflets.htm


Introduction

Charmonium

Double-charm . . .

Tetraquarks, . . .

Pentaquarks

Hexaquarks

Theoretical . . .

Hybrids of . . .

Conclusions

Home Page

Title Page

JJ II

J I

Page 63 of 64

Go Back

Full Screen

Close

Quit

9. Conclusions
• Dramatic and welcome come-back of hadron spectroscopy.

• Some experiments have very convincing results, in particular in the heavy
quark sector.

• Some claims obviously need confirmation, and better statistics.

• A straight hadron is usually seen in many experiments. A delicate struc-
ture might hardly survive brute-force production.

• Some theoretical models are very elegant but rely on ad-hoc hypotheses
(clustering) that need to be checked.

• Thesmall widthof pentaquark is extremely puzzling.

• Intriguing possibility of candidates forcc̄g type of states.
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THE END
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