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Matter at Distances Near 1 Femtometer

Need both Quantum Mechanics and Special Relativity

Heisenberg: ∆x∆p ≥ h̄/2
⇒ E ∼ pc ∼ (h̄c)/x = (200 MeV · fm)/x

“At distances ∼ 1 fm, typical energies are ∼ 200 MeV.”

Einstein: E = Mc2

“At distances ∼ 1 fm, new particles can be created if they
have mass M ∼ 200 MeV/c2.”

Enter the pion (π): Mπ = 135 MeV/c2

⇒ Our notion of “constituents” breaks down at 1 fm!
Smash two protons together and and you don’t get “pieces
of the proton”. You keep the protons, and also get π’s, . . .
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Quantum Chromodynamics (QCD)

The theory of femtometer matter.

Patterned after Quantum Electrodynamics (QED), QCD
uses “quarks” and “gluons” instead of “electrons” and
“photons”, but there is one big difference:

QCD: Color (RGB/CMY) ⇐⇒ QED: Charge (+/−)

This leads to important new effects:

• Gluons couple to other gluons

• Quark and gluons are “confined”

?Quarks are “asymptotically free”

We know QCD is the right theory because for cases in
which we can calculate the answer , the answer agrees
with experiment.
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The Quark Model

The Quark Model is an approximation to QCD.
We can use it to to build “hadrons”, particles of matter
with sizes ∼ 1 fm.

Only two kinds of hadrons exist in the Quark Model:

Baryons ≡ |qqq〉

Example: Proton

Mesons ≡ |qq̄〉

Example: Pion

The quark model has been very successful in describing
the properties of hadrons.

However , we know that it does not have all the degrees of
freedom in QCD, so we should observe hadrons that are
not described by the quark model.
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Exotic Hadrons

Hadrons not predicted by the Quark Model are “exotic”.

Their existence and properties will tell us about the
behavior of QCD in the confinement region.

For example: Why are exotic hadrons so rare?

Theoretical tools are available to interpret the results of
searches for exotic hadrons.

• Flux tube model, bag model, . . .

• Approximate analytical solutions to QCD

• Numerical QCD on a spacetime lattice
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Detour: “Particles” and “Resonances”

We are discussing quantum mechanical states:
|qqq〉, |qq̄〉, |other〉

The lowest lying states are “particles”. If they decay, they
do so through something other than QCD-powered
interactions. Therefore they live a long time.

Exotic hadrons, if they exist, will probably be excited
states. They should decay through QCD. Therefore they
live a very short time.

Very short lived states are observed as quantum
mechanical resonances. They can only be studied
statistically, not one by one.
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Examples

e+e− → Particles

One “event”

The K?(892) Resonance
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A “histogram”
of many events.
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Kinds of Exotic Hadrons

A summary of exotic hadron categories,
experimental evidence for candidates,

and their potential impact on our understanding of QCD.

My own biased opinions!

Implication
Evidence for Theory

Glueballs ? ? ? ? ? ?

Molecules ? ?

Pentaquarks ?? ?

Exotic quantum numbers ?? ? ? ?

Missing states ? ? ? ?

Dibaryons × ?
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Pentaquarks
“Flavor Exotics”

First consider two well known baryons:
|uud〉 = p This is the “proton”
|uus〉 = Σ+ This is a kind of “hyperon”

The difference is the “strange” quark:
S(p) = 0
S(Σ+) = −1

Suppose we found a baryon with Strangeness S = +1?
This would be exotic!

Possible quark makeup: |uuds̄d〉 ≡ θ+

So what’s the difference between this and a nK+ or pK̄0

“molecule”? Hmmm. . .
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Evidence for the Pentaquark
V. Kubarovsky, et al., Phys. Rev. Lett. 92, 032001 (2004)

γp → K−π+θ+ → K−π+nK+

A possible mechanism
to produce the θ+ . . .
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Results from the experiment

Histogram the “invariant mass” of the nK+ combination.
Make various cuts to enhance the signal relative to the
background.

All events. . .
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Evidence against the Pentaquark

There is still some (healthy) skepticism in the community.
This will take some time to sort itself out.

One problem:
There is no evidence of the θ+ in K+n elastic scattering.
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J. Haidenbauer and G. Krein,
“Influence of a Z+(1540) reso-
nance on K+N scattering,”
Phys. Rev. C 68, 052201 (2003)

⇒ The resonance would have to
be very narrow.

12



Glueballs

Morningstar & Peardon
arXiv:nucl-th/0309068
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PRELIMINARY

Hadrons with no quarks!
Total breakdown of the
quark model.

But how do you know it’s
a glueball?

Answer: Overpopulation
and the dynamics of its
production and decay.

Caveat: States will mix!
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A Sticky Situation: J/ψ → γX

Prediction for J/ψ → γgg
⇒ Expect to observe
J/ψ → γ Glueball

S3 1
S1 0

QQ

g*

g*
qq

I

I

1600201-003

Next you need to decide how the glueball might decay.
It is best to consider specific glueball quantum numbers.

Good example:
J/ψ → γK+K− or J/ψ → γK0K̄0

There are many “resonances”!

This data from BES collaboration.

tection efficiency for !K!
K

" is 14.7% and for !K
S

0
K
S

0 is

14.5%. For the !K!
K

" channel, the experimental back-

ground arises mainly from the nonresonant K!
K

""0 and

two-body K*#
K

$ events which are peaked at high K!
K

"

masses. In the entire mass range, 14597 !K!
K

" events are

reconstructed, and the detailed Monte Carlo simulation of the

BES detector estimates a background of 3094 events. The

estimation of the background events in the !K
S

0
K
S

0 sample is

obtained from the #
K
S

2 side band (28.7 MeV/c2)2%#
K
S

2

%(35 MeV/c2)2; this equal-area-selection provides a prop-
erly normalized background estimation. In Fig. 1$b%, there
are 3169 selected !K

S

0
K
S

0 events and 413 background events.

IV. ANALYSIS RESULTS

We have carried out partial wave analyses using ampli-

tudes constructed from relativistic covariant tensors for all

possible ways of adding J of the KK̄ pair with spin 1 of the

photon and L, the orbital angular momentum in the produc-

tion process, to make JP&1" of the initial J/& '9(. Cross
sections are summed over photon polarizations. The relative

magnitudes and phases of the amplitudes are determined by a

maximum likelihood fit. The background events obtained

from Monte Carlo simulation or #
K
S

2 side band are included

into the data samples, but with the opposite sign of log like-

lihood compared to data. These events cancel background

within the data samples. The analyses are confined to masses

less than 2 GeV in order to ensure that a description contain-

ing only 0!! and 2!! amplitudes will be appropriate. The

KK̄ mass distributions from J/& radiative decays to K!
K

"

and K
S

0
K
S

0 after acceptance and isospin corrections are shown

in Fig. 2. The event topologies of the K
!
K

" and K
S

0
K
S

0

modes are different, so that acceptance and background ef-

fects are rather different also. We fit the two sets of data

separately to check their consistency and find that there is

good quantitative agreement between the two solutions.

A. Bin-by-bin analysis

In the bin-by-bin analysis, the !K!
K

" and !K
S

0
K
S

0 data

samples are divided into mass intervals 40 MeV wide, and

the angular distribution of each mass interval is fitted with

four independent helicity amplitude parameters, one (a0,0)

for JP&0! and three (a2,0 , a2,1 and a2,2) for 2
! amplitudes

'3(. The angular distribution for the decay sequence J/&
→!X with X→KK̄ in terms of these amplitude parameters

is given by
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where *K , +K are the polar and azimuthal angles of the kaon
in the X helicity frame and *! is the polar angle of the ra-
diative photon in the laboratory frame. Our normalization is

chosen to give
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Unraveling the Bumps: Partial Wave Analysis

• What are the quantum numbers of the “bumps”?

• Are they really “resonances”?

• Are they consistent with our picture of glueballs?

“Partial Wave Analysis”

Use angular distributions of
decays to decompose event
sample into separate quan-
tum numbers.

You need lots of events to do
this well!

B. Global fit analysis

We now turn to the global fit to the J/!→"K!K" and

J/!→"KS
0KS

0 data. Each sample is analyzed independently,

and the fit results shown below are for their averaged values.

This fit has the merit of constraining phase variations as a

function of mass to simple Breit-Wigner forms. It also per-

forms the optimum averaging of helicity amplitudes and

their phases over resonances. Partial waves are fitted to the

data for the same components described in the bin-by-bin fit.

The broad 0!! component improves the fit significantly;

removing it causes the log likelihood value to become worse

by 221. For the f 2(1270) and f 0(1500), we use PDG values

of masses and widths, but allow the amplitudes to vary in the

fit. For the f 2!(1525), relative phases are consistent with zero
within experimental errors. It is expected theoretically that

relative phases should be very small, on order of #!1/137
for the electromagnetic transitions J/!→"!2!. In view of

the agreement with expectation, these relative phases are set

to zero in the final fit, so as to constrain intensities further.

A free fit to f 2!(1525) gives a fitted mass of 1519#2 MeV
and a width of 75#4 MeV. The fitted mass and width of the
f 0(1710) are M$1740#4 MeV and $$166"8

!5 MeV, re-

spectively. The fitted intensities are illustrated in Fig. 4. For

the f 2!(1525), we find the ratios of helicity amplitudes x
2

$1.00#0.28 and y2$0.44#0.08. In this fit, we allow some
0! contribution under the f 2!(1525) peak, while previous
analyses by DM2 and Mark III %10,11& ignored the small 0!

contributions. The branching fractions of the f 2!(1525) and
the f 0(1710) determined by the global fit are B%J/!
→" f 2!(1525)→"KK̄&$(3.42#0.15)%10"4 and B%J/!
→" f 0(1710)→"KK̄&$(9.62#0.29)%10"4 respectively.
The errors shown here are also statistical. An alternative fit to
f J(1710) with JP$2! is worse by 258 in log likelihood

relative to 0! for "K!K" data and by 67 for "KS
0KS

0 . Re-

membering that three helicity amplitudes are fitted for spin 2
but only one for spin 0, the fit with JP$0! is preferred by
&10' after considering the two data samples together.
The separation between spin 0 and 2 is illustrated in Fig.

5, taking the J/!→"K!K" data as the example. Let us

denote the polar angle of the kaon in the KK̄ rest frame by
(K , and the polar angle of the photon in the J/! rest frame
by (" . The data are fitted simultaneously including impor-
tant correlations between (K and (" . The left panels show
resulting fits to cos (K for J$0 and 2. There is no significant
difference between the two fits. The distributions should be

flat for 0!, but the interference with the tail of f 2!(1525) has
a large effect. The right panels show the fits to cos (" ; the
optimum fit is visibly better for J$0 than for J$2. )If one
fits only the cos (" distribution, it is possible to fit equally
well with J$0 or 2, but then the fit to cos (K gets much
worse.*
If the f 0(1500) is removed from the fit, the log likelihood

is worse by 1.65 )3.58* for K!K" (KS
0KS

0), corresponding to

about 1.3' (2.2'). If the f 2(1270) is removed, the likeli-
hood is worse by 57.5 )13.6* for K!K" (KS

0KS
0), corre-

sponding to &5' (3.8').

V. SYSTEMATIC ERROR

The systematic error for the global fit is estimated by

adding or removing small components used in the fit, replac-
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Glueballs: Status and Prospects

There is solid evidence for an “extra” 0++ meson.
There is controversy over which is “mostly” glueball.

CLEO-c will gather one billion J/ψ decays. This will
allow very precise partial wave decompositions.

Excellent prospect to unravel the mixing problem:
Radiative decay of glueball candidates.

Radiative Decay Widths in keV ΓTot
f0 → γρ(770) f0 → γφ(1020) MeV

State L M H L M H
f0(1370) 443 1121 1540 8 9 32 ∼300
f0(1500) 2519 1458 476 9 60 454 109
f0(1710) 42 94 705 800 718 78 125
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Mesons with Exotic Quantum Numbers

The Quark Model builds mesons from qq̄ pairs:

|meson with spin j〉 = |q1q̄2; `s〉
where |`− s| ≤ j ≤ `+ s and s = 0, 1.

For “self conjugate” states (i.e. particle=anti -particle)
only some combinations of quantum numbers are possible:

JPC = 0++, 0−+, 1++, 1+−, 1−−, 2++, . . .

A state with forbidden quantum numbers (JPC = 1−+ for
example) cannot be accommodated by the quark model. It
would be “manifestly exotic”.
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Brookhaven National Lab Experiment E852
A Search for Mesons with Unusual Quantum Numbers

http://www.phy.bnl.gov/˜e852/publications.html

1 m

18 GeV

A Search for Mesons with Unusual Quantum Numbers
BNL Experiment E852

-!

Magnet
LH2 target
Drift chambers
Wire chambers
Scintillators

Photon Detection:
Recoil veto (CsI)
Window-frame veto
Lead glass calorimeter
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Example: JPC = 1−+ Meson Decaying to η′π−

E. I. Ivanov et al. Phys. Rev. Lett. 86, 3977 (2001)

π−p → η′π−p → ηπ+π−π−p → γγπ+π−π−p

⇒ Need to detect many particles including photons.

or that it proceeds with a different mixture of the same
production mechanisms.

In conclusion, we have studied the η′π− system pro-
duced in the reaction π−p → pη′π− at 18 GeV/c . We
find that an exotic meson, the π1(1600) is produced, de-
caying to η′π−. The different t dependence for their pro-
duction shows that the well-known a2(1320) and the ex-
otic π1(1600) are produced via different production mech-
anisms. Finally, a high-mass state consistent with the
a4(2040) has been observed decaying to η′π−.

We would like to express our appreciation to the mem-
bers of the MPS group, and to the staffs of the AGS,
BNL, and the collaborating institutions for their efforts.
This research was supported in part by the National Sci-
ence Foundation, the US Department of Energy, and
the Russian State Committee for Science and Technol-
ogy. The Southeastern Universities Research Association
(SURA) operates the Thomas Jefferson National Acceler-
ator Facility for the United States Department of Energy
under contract DE-AC05-84ER40150.

TABLE I. Fitted Resonance Parameters

Partial Wave Mass Width
P+ 1.597 ± 0.010+0.045

−0.010 0.340 ± 0.040 ± 0.050
D+ 1.318 ± 0.008+0.003

−0.005 0.140 ± 0.035 ± 0.020
G+ 2.000 ± 0.040+0.060

−0.020 0.350 ± 0.100+0.070
−0.050
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FIG. 1. (a) The ηπ+π− effective mass distribution for
events consistent with the reaction π−p → pηπ+π+π− (two
entries per event). The inset shows the γγ effective mass dis-
tribution in 0.01 GeV/c2 bins. (b) The η′π− effective mass
distribution. The distributions are uncorrected for accep-
tance. The smooth curve in (b) shows the true mass accep-
tance based upon the angular distributions determined in the
partial wave analysis.
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Results of Partial Wave Analysis

In principle, this case is “easy”:
Any odd L for (η′π)L is manifestly exotic.

Spectrum is dominated by
D (L = 2) and P (L = 1).

The phase variation is char-
acteristic of “resonances”.

The P wave has exotic
quantum numbers.

⇒ Exotic meson candidate!

VOLUME 86, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 30 APRIL 2001

fitting [15], some 70 000 events consistent with the
php1p2p2 !h ! gg" final state were found. These
events satisfied energy-momentum conservation at the
production and h decay vertices with a confidence level
C.L. . 0.05 as well as the requirement that the difference
between the azimuthal angles of the fitted proton direction
and the measured proton track be less than 10±. As seen
from the hp1p2 effective mass distribution (uncorrected
for acceptance) in Fig. 1(a) the h0 signal lies over an
approximately 10% non-h0 background. The second peak
in the hp1p2 mass spectrum is due to production of the
f1!1285" and h!1295" resonances.

The next level of selection identified 6040 events con-
sistent with the ph0p2 !h0 ! hp1p2, h ! gg" final
state. These events satisfy energy-momentum conser-
vation at the production, h0 and h decay vertices with
C.L. . 0.05 as well as topological and fiducial volume
cuts. The resulting uncorrected h0p2 mass spectrum
[Fig. 1(b)] has a broad peak near 1.6 GeV#c2 and struc-
ture around 1.3 GeV#c2.

The acceptance-corrected distribution of the four-
momentum transfer jtj is shown in Fig. 2(a). The ampli-
tude analysis discussed below was made for the data in the
range 0.09 , jtj , 2.5 GeV2#c2. Because of the very low

FIG. 2. (a) The acceptance-corrected jtj distribution fitted with
the function f!t" ! aebjtj (solid line). (b)–(d) The results of the
mass-independent PWA (horizontal lines with error bars) and a
typical mass-dependent fit (solid curve) using 0.05 GeV#c2 mass
bins. Only P1 and D1 partial waves and their phase difference
are shown. The range of the ambiguous solutions is plotted
with black rectangles. (b) The !P1 2 D1" phase difference.
(c) The intensity distribution of the P1 partial wave. (d) The
intensity distribution of the D1 partial wave. The solid curves
in (b)– (d) show a mass-dependent fit (fit 1) to the P1 and D1

wave intensities and the !P1 2 D1" phase difference.

acceptance in the region jtj , 0.09 GeV2#c2, the 275
events in that region were not used. In the interval 0.25 ,
jtj , 1.0 GeV2#c2 the jtj distribution has an exponential
behavior and can be fitted with the function f!t" ! aebjtj
with b ! 22.93 6 0.11 !GeV#c"22. The magnitude of b
is significantly less than that observed for the hp2 final
state [11,12], where b $ 25 !GeV#c"22 (see the discus-
sion below).

A mass-independent partial-wave analysis (PWA)
[12,16,17] of the data was used to study the spin-parity
structure of the h0p2 system. The partial waves are pa-
rametrized by a set of five numbers: JPCme , where J is the
angular momentum, P the parity, and C the C parity of
the h0p2 system; m is the absolute value of the angular
momentum projection; and e is the reflectivity (coincid-
ing with the naturality of the exchanged particle [18]).
We will use simplified notation in which each partial wave
is denoted by a letter, indicating the h0p2 system’s an-
gular momentum in standard spectroscopic notation, and
a subscript, which can take the values 0, 1, or 2, for
me ! 02, 11, or 12, respectively. We assume that the
contribution from partial waves with m . 1 is small and
can be neglected [12,19].

Mass-independent PWA fits shown in this paper are car-
ried out in 0.05 and 0.10 GeV#c2 mass bins from 1.1 to
2.5 GeV#c2 and all use the S0, P2, P0, P1, D2, D0, D1,
and G1 partial waves. For each partial wave the complex
production amplitudes are determined from an extended
maximum likelihood fit [17]. The spin-flip and spin-non-
flip contributions to the baryon vertex lead to a production
spin-density matrix with maximal rank two. A rank two
mass-independent PWA in a system of two pseudoscalars
cannot be performed because of the presence of a con-
tinuous mathematical ambiguity. Rank two fits were done
when additional assumptions for the amplitudes were intro-
duced (assumptions regarding the t dependence and mass
dependence of the amplitudes) to resolve the continuous
ambiguity problem, and they gave results consistent with
those from the rank one fits. The PWA fits presented in
this paper are with spin-density matrix of rank one.

The experimental acceptance was determined by com-
parison of the data with a Monte Carlo event sample. The
Monte Carlo events were generated with isotropic angular
distributions in the Gottfried-Jackson frame. The detector
simulation was based on the E852 detector simulation
package SAGEN [11,12]. The experimental acceptance was
incorporated into the PWA by means of Monte Carlo nor-
malization integrals [12]. The quality of the fits was deter-
mined by a x2 comparison of the experimental multipole
moments with those predicted by the results of the PWA
fit [19].

Results of the PWA are shown in Fig. 2 for the
0.05 GeV#c2 fits and Fig. 3 for the 0.10 GeV#c2 fits. The
former are intended to show detail in the high statistics
low-mass region and the latter are used to study the high-
mass region. The unnatural-parity-exchange waves (not

3978
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The Future: GLUEX at Jefferson Laboratory
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Missing States

So far, we have looked at states that may exist , but are
not predicted by the quark model.

Are there any states that are predicted by the quark
model, but have not been observed?

Yes! There are some glaring examples:

Mesons: All of the 3D2 are missing! (ρ2, ω2, φ2, . . . )

Baryons: This “missing baryons” problem has been
around since the 1960’s!
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The N and ∆ Baryons from the PDG

L2I,2J(Mass) Multiplet Status L2I,2J(Mass) Multiplet Status

P11(938) (56,0+) **** P33(1232) (56,0+) ****

S11(1535) (70,1−) **** S31(1620) (70,1−) ****

S11(1650) (70,1−) ****

D13(1520) (70,1−) **** D33(1700) (70,1−) ****

D13(1700) (70,1−) ***

D15(1675) (70,1−) ****

P11(1440) (56,0+) **** P31(1875) (56,2+) ****

P11(1710) (70,0+) *** P31(1835) (70,0+)

P11(1880) (70,2+)

P11(1975) (20,1+)

P13(1720) (56,2+) **** P33(1600) (56,0+) ***

P13(1870) (70,0+) * P33(1980) (56,2+) ***

P13(1910) (70,2+) P33(1985) (70,2+)

P13(1950) (70,2+)

P13(2030) (20,1+)

F15(1680) (56,2+) **** F35(1905) (56,0+) ****

F15(2000) (70,2+) ** F35(2000) (70,2+) **

F15(1995) (70,2+)

F17(1990) (70,2+) ** F37(1950) (56,2+) ****
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A Search for Missing Baryon States at Jefferson Laboratory
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Molecules

Nobody ever looks for them, but sometimes they just
show up.

Nobody is sure how to even define them, but some people
know them when they see them.

Old examples: The a0(980) (δ) and f0(980) (S) mesons.
Are these KK̄ molecules?

Latest candidates: The DsJ(2317) and DsJ(2463)
Are these DK and D?K molecules?

25



Results from CLEO at Cornell

To suppress combinatoric backgrounds, we further re-
quired that the momentum of the Ds

!!0 candidate be greater
than 3.5 GeV/c . We also required that the helicity angle of
the "→K!K" decay satisfy the requirement ! cos #h!#0.3,
where #h is the angle between the K! momentum vector
measured in the " rest frame, and the " momentum vector
measured in the Ds rest frame. The expected distribution
from real " decays varies as cos2 #h , whereas combinatoric
backgrounds tend to be flat. For Ds!

0 combinations satisfy-
ing these requirements, we plot the mass M (Ds!

0)
$M (KK!!0) and the mass difference $M (Ds!

0)
$M (Ds!

0)"M (Ds) in Figs. 1%a& and 1%b&, respectively.
To improve the experimental resolution on M (Ds!

0), the
known value of the Ds mass, MDs$1968.5%0.6 MeV/c2

'8(, has been used to determine the energy of the KK! sys-
tem from its measured momentum in Fig. 1%a&; this substitu-
tion is not done for $M (Ds!

0) in Fig. 1%b&, or for the cal-
culation of other mass differences entering this analysis.
The narrow peaks in Fig. 1 at a mass near 2.32 GeV/c2

and a $M (Ds!
0) near 350 MeV/c2 are in qualitative agree-

ment with the BaBar observation. We note that there are no
peaks in this region when KK! combinations with
M (KK!) lying in Ds side band regions are combined with a
!0. The other feature of note in the spectra is the sharp
signal from Ds*!→Ds

!!0 '25( near the kinematic threshold.
In addition, Monte Carlo simulations of inclusive multi-
hadron production via e!e"→qq̄ (q$u , d , s , c) give
M (Ds!

0) and $M (Ds!
0) spectra that reproduce the fea-

tures observed in the data, except for the peaks near
2.32 GeV/c2 and 350 MeV/c2 in the respective plots. This is

also illustrated in Fig. 1, where the normalization for the qq̄
Monte Carlo spectra is fixed by the ratio of the 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 distri-

butions in Fig. 1 in normalization as well as shape demon-
strates that the simulation of ‘‘random’’ photons accompany-
ing Ds decays is accurate. The accuracy of this simulation is
important for our detailed analysis of this signal, described in
Sec. V A.
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 par-
ticles. In no cases were narrow enhancements in the
M (Ds!

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 Ds*!!0

final state.
From a binned maximum likelihood fit of the $M (Ds!

0)
distribution to a Gaussian signal shape and second-order
polynomial background function, we obtain a yield of 165
%20 events in the peak near 350 MeV/c2. In this fit, the
mean and Gaussian width of the peak are allowed to float.
These parameters are determined to be )$M (Ds!

0)*
$349.4%1.0 MeV/c2 and +$8.0"1.1

!1.3 MeV/c2, where the
errors are due to statistics only. The peak is somewhat
broader than the expected mass resolution of 6.0
%0.3 MeV/c2, determined from Monte Carlo simulations.
The detection efficiency associated with the reconstruction of
the full DsJ* (2317)!→Ds

!!0, Ds
!→"!!, "→K!K" de-

cay chain is (9.73%0.57) % for the portion of the
DsJ* (2317)! momentum spectrum above 3.5 GeV/c , where
this efficiency does not include the Ds and " decay branch-
ing fractions.
Thus, we confirm the existence of a peak in the Ds!

0

mass spectrum that cannot be explained as reflections from
decays of known particles. Our measurements of the mean
mass difference and width of the peak are consistent with the
values obtained by BaBar '1( for the DsJ* (2317)! resonance.
Further discussions of the width, as well as of systematic
errors in the measurements of the mass and width of the
DsJ* (2317) appear later in this article.

IV. SEARCHES FOR DsJ* „2317… IN OTHER CHANNELS
The conclusion that the DsJ* (2317) is a new narrow reso-

nance decaying to Ds!
0 leads to two questions: %1& are there

other observable decay modes, and %2& might additional new
cs̄ resonances also exist in which normally suppressed decay
modes such as Ds

(*)!0 are dominant? To answer these ques-
tions we have searched in the channels Ds, , Ds*, , Ds*!0,
and Ds!

!!".
If the DsJ* (2317) is a 0! L$1 cs̄ meson, as has been

suggested '15(, it could decay via an S or D wave to Ds*, ,

FIG. 1. Distributions of %a& the masses M (Ds!
0) of the Ds!

0

candidates and %b& the mass differences $M (Ds!
0)$M (Ds!

0)
"M (Ds) for events satisfying cuts on M (KK!) consistent with the
Ds mass and M (,,) consistent with the !0 mass, as described in
the text. The points represent the CLEO data, while the solid histo-
gram is the predicted spectrum from the Monte Carlo simulation of
e!e"→qq̄ 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.
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If the DsJ* (2317)! were to decay to the Ds*!!0 final
state, a peak would be expected at a "M (Ds*!0)
#205 MeV/c2. Although we see no evidence for such a
peak, there is a significant excess in a narrow region near
350 MeV/c2. We discuss the properties of this new peak in
the following section.

V. OBSERVATION OF A NEW STATE AT 2.463 GeVÕc2

From a fit to a signal Gaussian signal function plus a
polynomial background function, we observe a peak in Fig.
4$a%, comprised of 55"10 Ds*!0 combinations, at
&"M (Ds*!0)'#349.8"1.3 MeV/c2. The fit yields a Gauss-
ian width of 6.1"1.0 MeV/c2 for the peak, 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 Ds*!!0. We note that a similar peak is also present in the
M (Ds*!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 Ds¿!0 and Ds*¿!0 samples

The kinematics of the Ds
!!0 and Ds*!!0 decays are quite

similar, and it is possible that they can reflect into one an-
other. For example, by ignoring the photon from the Ds*
decay in DsJ(2463)!→Ds*!!0 decays, nearly all the puta-
tive signal combinations form a peak in the "M (Ds!

0)
spectrum in the same region as the DsJ* (2317) signal de-
scribed in previous sections of this article. We refer to the
background entering via this scenario in the DsJ* (2317)!

→ Ds
!!0 sample as ‘‘feed down’’ from the DsJ(2463) state.

The impact of neglecting the photon is that this peak in
"M (Ds!

0) is broader than that for real DsJ* (2317) decays.

From Monte Carlo simulations, we determine the width of
this smeared peak to be *#14.9"0.4 MeV/c2.
It is also possible that a Ds

!!0 candidate can be combined
with a random photon such that the Ds

!+ combination acci-
dentally falls in the Ds*! signal region defined earlier. In this
case, DsJ* (2317)!→Ds

!!0 decays would reflect or ‘‘feed
up’’ into the DsJ(2463)!→Ds*!!0 signal region. A Monte
Carlo simulation of DsJ* (2317)! production and decay to
Ds

!!0 shows that this does happen, but only for approxi-
mately 9% of the reconstructed decays. The peak in the
"M (Ds*!0) distribution generated by this feed up sample is
also broadened relative to the expectation for real DsJ(2463)
decays, analogous to the smearing of the feed down kinemat-
ics discussed in the preceding paragraph.
We can extract the number of real DsJ* (2317)!→Ds

!!0

decays reconstructed in our data, denoted as R0, as well as
the number of real DsJ(2463)!→Ds*!!0 decays, denoted as
R1, taking into account that the corresponding real signal
decays in one channel can enter the candidate sample for the
other channel as described above. The following linear equa-
tions relate the real to observed numbers:

N0#R0! f 1 R1 $1%

N1#R1! f 0 R0 , $2%

where N0 and N1 are the numbers of observed decays in the
Ds!

0 and Ds*!0 channels respectively, and R0 and R1 are
the number of real decays produced times the efficiency to
observe them in the corresponding signal decay channels.
The coefficients f 0 and f 1 are the feed up and feed down
probabilities relative to the reconstruction efficiency for the
respective signal modes. We note that these relations repre-
sent first-order approximations; higher-order corrections,
such as that due to the scenario where the Ds!

0 system from
a real DsJ(2463) decay is combined with an unrelated pho-
ton to form a feed up DsJ(2463) candidate, are negligible in
the present case.
The observed number of decays in the Ds*!0 channel is

N1#55"10, obtained from the fit to the peak in Fig. 4$a%
described above. For N0, it is desirable to obtain a Ds!

0

sample selected with criteria that most closely match those
used to select Ds*!0 combinations, and that is enriched in
DsJ* (2317) decays relative to feed down from DsJ(2463) de-
cays. Thus we apply the same selection criteria that were
used for the Ds*!0 sample, but without selecting the photon
from the Ds*→Ds+ transition. To measure the event yield in
this sample, we fit the peak in the "M (Ds!

0) distribution to
a Gaussian with its width fixed to the Monte Carlo expecta-
tion for DsJ* (2317) decays. In this fit, a significant fraction of
feed down combinations is counted as part of the combina-
toric background rather than as signal. We obtain N0#190
"19 candidates. This sample effectively constitutes the
source of potential feed up candidates. The difference be-
tween this yield and the 165"20 events reported in Sec. III
is consistent with the different acceptances for the two sets of
selection criteria.

FIG. 4. $a% The mass difference spectrum "M (Ds*!0)
#M (Ds+!0)$M (Ds+) for combinations where the Ds+ system is
consistent with Ds* decay, as described in the text. $b% The corre-
sponding spectrum where Ds+ combinations are selected from
the Ds* sideband regions, defined as 20.8%!"M (Ds+)
$143.9 MeV/c2!%33.8 MeV/c2.
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Conclusions

The Quark Model is a powerful tool. We should continue
to teach it and learn from it.

The Quark Model works better than it should.

However, the Quark Model is a model . The theory is
QCD. An important goal of nuclear and particle physics is
to understand how these fit together.

Exotic Hadrons are a good jumping-off point. There is
good evidence that some exist. Their existence needs to be
more firmly established, and calculations need to bridge
the gap.

Thank You!
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