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Exciting times for hadron spectroscopy
many new narrow states

! η′
c in B → KKSK−π+

! Narrow Ds levels (0++, 1++)

! Pentaquark K+n : Θ+(1540)

! X(3872) → π+π−J/ψ

Each one raises questions of interpretation,
and offers opportunities.
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Rediscovery of hc(21S0)
• B-meson gateway to charmonium states
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• All states can be formed
• Backgrounds can be suppressed by B 
meson mass constraint. Additional 
constraint at e+e- : EB=Ebeam.
• Get them for free when doing B 
physics
• Rates can be very low
• Exclusive final states

B K(*)

PRL89,102001(2002) 
Erratum-ibid.89,129901(2002)

Belle 42 fb-1
hc(2S)

hc(1S)

C.Ball mass
3654 ± 6 ± 8 MeV

B! K(KsK+p-)
Belle: B-meson gateways to charmonium
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Confirmation of hc(21S0) in gg-collisions

BaBar 88 fb-1

Preliminary

Lo
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hc(2S)

hc(2S)

hc(2S)
hc(1S)

3637.7±4.4 MeV

CL=14%  scale factor=1.3
New measurements of mass are
consistent

Gtot(hc(2S)) = (19±10) MeV

e+e-! J/y X

B! K(KsK+p-)

y(2S)!gX

gg! KsK+p-

gg! KsK+p-







the calculated direction had a large uncertainty in this
case. Finally, we rejected 108 events for which the hit
position in the SSD agreed with the expected hit position
within 45 mm in the vertical or horizontal direction. The
cut points correspond to about !2! resolution for events
that are affected by the Fermi motion. A total of 109
events satisfied all the selection criteria.We call this set of
events the ‘‘signal sample.’’

In case of reactions on nucleons in nuclei, the Fermi
motion has to be taken into account to obtain appropriate
missing-mass spectra. To evaluate this effect, we studied
the "n ! K"!# ! K"##n sequential process as an ex-
ample, where the K" and ## were detected. The missing
masses, MM"K" and MM"K"## , were obtained for the
N$"; K"%X and N$"; K"##%N channels by assuming that
the nucleon in 12C is at rest with the mass equal to MN .
Both the missing masses are smeared out due to the Fermi
motion of nucleons in 12C. However, since the nucleons in
the two channels are identical, the two missing masses
have a strong correlation as shown in Fig. 2(a).
Accordingly, the missing mass corrected for the Fermi
motion, MMc

"K" , is deduced as

MMc
"K" & MM"K" #MM"K"## "MN: (1)

The correction in Eq. (1) compensates spreads not only
due to the Fermi motion but also due to the experimental
resolutions and the binding energy of the nucleon in the
initial state, although the Fermi motion effect is the major
contribution here. Note that this correction is not a good
approximation for events with MM"K"## far from the
nucleon rest mass. The missing-mass distributions before
and after the correction are compared in Fig. 2(b). Only
after the correction, the " (from "p ! K"" !
K"##p) and the !# peaks are separated. The correction
is good in case of a decay with a small Q value, where the
velocity of the hyperon is nearly the same as that of the
decaying nucleon. This is seen in the small width of the "

in the missing-mass spectrum in Fig. 2(b), where about
half of the contributions are due to reactions on protons in
12C. On the other hand, the large width of the mass
spectrum for the !# is due to the imperfection of the
correction caused by a large Q value. The spectrum with a
measured width (!) of 18 MeV=c2 is well reproduced by
a Monte Carlo simulation using the impulse approxima-
tion for the reaction from a neutron whose momentum
distribution is generated according to a harmonic oscil-
lator potential. The Monte Carlo simulation shows that
the width is dominated by incomplete cancellation of the
Fermi motion effect. Contributions of the binding energy
in 12C to the peak position and the width in the corrected
spectrum are likely smaller than 10 MeV=c2.

The missing-mass MMc
"K! for K"K# events is cor-

rected for the Fermi motion in the similar procedure.
The corrected missing mass is given by

MMc
"K! & MM"K! #MM"K"K# "MN: (2)

In Fig. 3(a), the corrected K" missing-mass distribu-
tion for the 109 events that satisfy all the selection
conditions is compared with that for the 108 events
for which a coincident proton hit was detected in the
SSD. In the latter case, a clear peak due to the "" p !
K""$1520% ! K"K#p reaction is observed. The
"$1520% peak does not exist in the case that the proton-
rejection cut in the SSD is applied as shown in the signal
sample. This indicates that the signal sample is domi-
nated by events produced by reactions on neutrons.

Figure 3(b) shows the corrected K# missing-mass dis-
tribution of the signal sample. A prominent peak at
1:54 GeV=c2 is found. It contains 36 events in the peak
region 1:51 ' MMc

"K# < 1:57 GeV=c2. The broad back-
ground centered at (1:6 GeV=c2 is most likely due to
nonresonant K"K# production because the events in the
bump do not show any noticeable structure in the K"
missing-mass nor in the invariant K"K# mass spectra
and the beam-energy dependence of the production rate
reflects the phase space expansion with the energy. To
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FIG. 2. (a) A scatter plot of MM"K" vs MM"K"## for K"##
photoproductions at the SC. (b) The missing mass, MMc

"K" ,
spectra for the K"## events from the SC (solid histogram)
and for Monte Carlo events for the "n ! K"!# channel
(dotted curve) calculated via Eq. (1). The dashed histogram
shows the missing mass spectrum without the Fermi-motion
correction, MM"K" the projection of the events in (a) on to the
vertical axis.
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FIG. 3. (a) The MMc
"K" spectrum [Eq. (2)] for K"K# pro-

ductions for the signal sample (solid histogram) and for events
from the SC with a proton hit in the SSD (dashed histogram).
(b) The MMc

"K# spectrum for the signal sample (solid histo-
gram) and for events from the LH2 (dotted histogram) nor-
malized by a fit in the region above 1:59 GeV=c2.
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FIG. 3: Invariant mass of the K+K− system (top) and the
pK− system (bottom) showing peaks at the mass of known
resonances. These resonances are removed in the analysis by
placing cuts on the peaks shown. Results for the number of
counts (N), the mass (M) and the widths (σ) from fits are
also given.

tions of the Θ+ decay from an event distribution uniform
in phase space show that the K+ momentum rarely ex-
ceeds 1.0 GeV/c. The data also show that K+ momenta
greater than 1.0 GeV/c are associated with an invariant
mass of the nK+ system, M(nK+), above ∼ 1.7 GeV/c2.
Events with a K+ momentum above 1.0 GeV/c were re-
moved to reduce this background.

The shape of the expected M(nK+) mass spectrum
was investigated by a Monte Carlo simulation of 3-
body and 4-body phase space production of pK+K− and
npK+K− events. The kinematics (momentum and an-
gular distributions) of these simulated events match well
with the kinematics of the data, and produce a smooth
background in the M(nK+) spectrum. These simulated
background events were mixed with events generated for
Λ(1520) and Θ+ production, and run through GEANT
[15] simulations for the CLAS detector, resulting in a
good qualitative description of the shape of the M(nK+)
spectrum. However, in order to extract parameters for
the peak we used empirically fitted shapes that match
the background.

The final M(nK+) spectrum is shown in Fig. 4, along
with a fit to the peak at 1.542 GeV/c2 and a Gaussian
plus constant term fit to the background. The spectrum
of events removed by the Λ(1520) cut is shown in the dot-
ted histogram, and does not appear to be associated with
the peak at 1.542 GeV/c2. For the fit given, there are 43
counts in the peak at a mass of 1542 ± 5 MeV/c2 with
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FIG. 4: Invariant mass of the nK+ system, which has
strangeness S = +1, showing a sharp peak at the mass of
1.542 GeV/c2. A fit (solid line) to the peak on top of the
smooth background (dashed line) gives a statistical signifi-
cance of 5.8 σ. The dotted histogram shows the spectrum of
events associated with Λ(1520) production.

a width (FWHM) of 21 MeV/c2. The width is consis-
tent with instrumental resolution. The uncertainty of 5
MeV/c2 in the mass is due to calibration uncertainties of
the photon tagging spectrometer [13], the electron beam
energy, and the momentum reconstruction in CLAS. The
statistical significance of this peak is estimated based
on fluctuations of the background over a window of 36
MeV/c2 centered on the peak, giving 43/

√
54 = 5.8 σ.

A separate Monte Carlo study was carried out to exam-
ine the production of known resonances via the reaction
γd → K+Y ∗N , where the Y ∗ decays to a K−N followed
by one of the kaons rescattering off the spectator nucleon.
This study [16] was unable to produce structures nar-
rower than about four times the CLAS resolution, and
concluded that these rescattering processes are not re-
sponsible for such a narrow structure in the M(nK+)
spectrum.

The sensitivity of the peak to the placement of event
selection cuts was studied, and the conclusion is that the
peak at 1.542 GeV/c2 is very robust. For example, re-
moving the K+ momentum limit results in the spectrum
shown in Fig. 5a. Alternatively, tightening the cuts on
proton-kaon timing allows less background into the spec-
trum, as shown in the inset of Fig. 2. The shape of the
M(nK+) spectrum for this selection is shown in Fig. 5b
and remains essentially unchanged from Fig. 4. In all
we tried 14 variations of event cut placement and/or dif-
ferent fitting functions. We note that the average sig-

Θ+(1540) → K+n

Spring8 CLAS (JLab)



Belle B± → K±π+π−J/ψ



Belle B± → K±π+π−J/ψ . . .



Use More Significant Cut Distribution

Model Background by Quadratic Polynomial
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Issues:

η′
c : small splitting from ψ′

Ds(2317) and Ds(2463) :

surprisingly light; chiral symmetry?

Θ+(1540) : chiral soliton?
uncorrelated quarks?
3* diquark picture? 

X(3872) :

q4q̄

[ud]2s̄

Splitting from ψ′′(3770);
radiative decays? D0D̄∗0 threshold



Additional experimental stimulus:

Many changes to charmonium properties

Γ(ηc) × (2.5 − 3)

hc (1P1) status?

refined charm masses

ψ(3770) → π+π−J/ψ



General reasons for interest ...

Many charmonium levels: 9 or 10 narrow states,
plus ~60 states within 800 MeV of threshold

Potential models give a good account of the 
spectrum, but cannot be the whole story

Lattice QCD is increasingly capable for 
charmonium spectroscopy

New states seen in e+e-, B decay, 2-photon,
hadronic production: new JPC accessible



... reasons for interest

Hope to investigate QCD in all its richness:
degrees of freedom beyond 

NR cc̄ bound in a potential

cc̄g hybrid states

(cq̄)(c̄q) molecules

(cq)(c̄q̄) diquark · diquark states

Comparison with Υ, Bc



In the wake of the     news ...

E-L-Q: B-Meson Gateways to Missing
Charmonium Levels, PRL 89, 162002 (2002)

η′
c

η′
c(21S0) and hc(11P1) below DD̄ threshold

long-anticipated narrow states

between DD̄ threshold and DD̄∗
ηc2 (11D2, 2−+) and ψ2 (13D2, 2−−)

(related work by Ko-Lee-Song, Suzuki)



E735 : p̄p → hc(3526) → π0J/ψ



Fermilab E705 300 GeV π− Li (1994)

‘‘Tentative observation ′′ of ψ2 (3D2) : 3836 ± 13 MeV



!!n̂n2s"1‘J!E1 n̂n02s"1‘0J0!# $
4"e2c
3

!2J0 " 1#k3jEn̂n‘:n̂n 0‘0 j2 max!‘; ‘0#
!
J 1 J0
‘0 s ‘

"
2
; (4)

where ec $ 2
3 is the charm-quark charge, k is the photon

energy, the E1 transition matrix element is En̂n‘:n̂n 0‘0 $
3
k

R1
0 drun‘!r#un0‘0!r#%kr2 j0!kr2 # & j1!kr2 #' "O!k=mc#, n̂n (

n& ‘ is the radial quantum number, and f:::g is a 6-j
symbol. For M1 transitions, the rate is given by

!!n̂n2s"1‘J !M1
n̂n0 2s0"1‘J0!# $

4"e2c
3m2

c
!2J0 " 1#k3jMn̂n‘:n̂n 0‘j2;

(5)

where Mn‘:n0‘ $
R1
0 drun‘!r#un0‘!r#j0!kr2 #.

The calculated rates for the prominent transitions
among charmonium states are shown in Table III.
Values enclosed in parentheses have been corrected for
the effects of coupling to decay channels, following the
procedure developed in [14]. The calculated values repro-
duce the patterns exhibited by measurements, and are in
good agreement with other calculations in the literature
[31].We expect them to provide reasonable guidance to the
radiative decay rates of the missing charmonium levels.

Integrating all the calculated rates, we note that the
radiative decays should be prominent, with branching
fractions B!hc!#c!# ) 2

5 , B!#c2 !hc!# ) 2
3 , and

B! 2 !$c1;2!# ) 4
5 , of which B! 2 !$c1!# ) 2

3 .
Charmonium production in B decays.—Expectations

for the fractions of B-meson decays leading to
charmonium production are presented in Table IV.

To estimate the B! 1S0 production rates, we appeal to
the suggestion [35] that the ratio of spin-singlet to
spin-triplet decay rates is relatively insensitive to poorly
calculated matrix elements, !!B!n3S1 " X#=
!!B!n1S0 " X# $ 1" 8m2

c=m2
b ) 1:5. The inclusive

production of 1P states in B decays can be expressed
[36] in terms of color-singlet and color-octet contribu-
tions as [37]

!!b!hc " X#=!!b! ‘& "%%‘ " X# ) 14:7 eHH8;

!!b!$c0 " X#=!!b! ‘& "%%‘ " X# ) 3:2 eHH8;

!!b!$c1 " X#=!!b! ‘& "%%‘ " X# ) 12:4 eHH1 " 9:3 eHH8;

!!b!$c2 " X#=!!b! ‘& "%%‘ " X# ) 15:3 eHH8:

(6)

Using the measured rates for inclusive $c1 and $c2 pro-
duction summarized in Table IV, we extract eHH8 $
!8:95* 3:79# + 10&5 and eHH1 $ !2:18* 0:31# + 10&4,
which determine the inclusive branching fractions for
$c0 and hc. No measurements exist to guide our expect-
ations for the production of 1D states in B decays, so we
must rely for the moment on theoretical calculations [34]
that suggest production rates roughly comparable to those
for other charmonium states.

Observing the missing narrow states.—Radiative tran-
sitions among charmonium levels are the key to discov-
ering the remaining narrow states. Approximately 90 K
B!K#c events are produced in the Belle experiment’s
data sample. Using the production rates of Table IV, and

TABLE III. Calculated and observed rates for radiative tran-
sitions among charmonium levels in the potential (1).

! energy Partial width (keV)
Transition k (MeV) Computed Measureda

 !M1
#c! 115 1.92 1:13* 0:41

$c0 !E1 J= ! 303 120 (105)b 98* 43
$c1 !E1 J= ! 390 242 (215)b 240* 51
$c2 !E1 J= ! 429 315 (289)b 270* 46
hc!E1 #c! 504 482
#0
c!E1 hc! 126 51

 0 !E1 $c2! 128 29 (25)b 22* 5
 0 !E1 $c1! 171 41 (31)b 24* 5
 0 !E1 $c0! 261 46 (38)b 26* 5
 0 !M1

#0
c! 32 0.04

 0 !M1
#c! 638 0.91 0:75* 0:25

 !3770#!E1 $c2! 208 3.7
 !3770#!E1 $c1! 250 94
 !3770#!E1 $c0! 338 287
#c2 !E1  !3770#! 45 0.34

#c2 !E1 hc! 278 303
 2 !E1 $c2! 250 56
 2 !E1 $c1! 292 260

aDerived from Ref. [21]
bCorrected for coupling to decay channels as in Ref. [14]

TABLE IV. Measured and estimated branching fractions for
B decays to quarkonium levels.

c"cc State !!B!!c "cc# " X#=!!B! all# (%)

11S0 #c ) 0:53a

13S1 J= 0:789* 0:010* 0:034b,c

11P1 hc 0:132* 0:060d

13P0 $c0 0:029* 0:012d

13P1 $c1 0:353* 0:034* 0:024b,e

13P2 $c2 0:137* 0:058* 0:012b

21S0 #0
c ) 0:18a

23S1  0 0:275* 0:020* 0:029b

11D2 #c2 0.23f

13D1  0.28f

13D2  2 0.46f

13D3  3 0.65f

aScaled from 3S1 rate.
bData from Refs. [32,33].
cKnown feed-down from 2S state removed.
dScaled from 3P1;2 rates using Eq. (6).
eKnown feed-down from 2S and 1P states removed.
fComputed; see Ref. [34].
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b → (cc̄)1 + . . . or b → (cc̄)8 + . . .

Not much guidance yet from measurements!



The 11P1 hc and the 21S0 !
0
c, of course, lie below D !DD

threshold, and so will be typically narrow charmonium
states. In the absence of strong influence from the cou-
pling to decay channels, the 23PJ "

0
c and 21P1 h

0
c states

should lie well above the D !DD and D! !DD thresholds, and so
should have uninhibited strong decays. As has long been
known, the JPC " 2#$ 11D2 !c2 and JPC " 2## 13D2  2
states constitute an important special case: they lie be-
tween the D !DD and D! !DD thresholds, but are forbidden
(because of their unnatural parity) to decay into D !DD. It
is therefore plausible that they will appear as narrow
levels, and we now quantify this suspicion.

Properties of the missing levels.—To estimate the de-
cay rates, we shall use the established values for the
!c; J= ;"c;  0, and  %3770& states, adopt the Belle value
for M!0

c
, set Mhc " 3526 MeV, and choose M!c2 "

M 2
" 3815 MeV. We estimate the rates for hadronic

and radiative decays in turn.
Among hadronic decays, we consider transitions (##

emission) and annihilations. To estimate the #$## $
#0#0 transition rates, we use the standard multipole
expansion of the color gauge field [16–18] to express the
E1-E1 transition rates through the Wigner-Eckart theo-
rem given in Eq. (3.5) of Ref. [19], with experimental
inputs given in Table X of that paper. The results are
shown in Table II. For present purposes, the essential
lesson is that we do not expect the ## transition rates
to be large for the missing levels of charmonium.

For the annihilations into two or three gluons, we use
the standard (lowest-order) perturbative QCD formulas
[24] to scale from available measurements for related

states. This is a straightforward exercise for the S-wave
levels. We use Maltoni’s analysis [22] of the 3PJ annihi-
lation rates to estimate the rate for hc!ggg. The rates for
annihilations of the 3DJ states into three gluons (via
color-singlet operators) are given by [25,26]

"%2DJ!ggg& " 10$3
s

9#
CJ

jR%2&
n2 %0&j2
m6
c

ln4mchri; (2)

where R%‘&
n‘ ' d‘Rn‘%r&=dr‘jr"0, hri " R1

0 drru
2
n‘%r&, and

CJ " 76
9 ; 1; 4 for J " 3; 2; 1. A complete analysis (includ-

ing color-octet operators as well) has too many unknowns
to be of use [27]. The strengths of the J " 3; 2; 1 annihi-
lations are more generally proportional to CJ, even if
color-octet operators dominate [28]. The two-gluon anni-
hilation rate of the 1D2 state is given by [29]

"%1D2 !gg& " 2$2
s

3

jR%2&
n2 %0&j2
m6
c

: (3)

Our estimates for the annihilation rates are collected in
Table II. The expectation for "%!0

c!gg& is to be com-
pared with the Belle value of 15( 24%stat& MeV [9].

The most prominent radiative decays of charmonium
states are the E1 transitions, for which the rate [29,30] is
given by

TABLE II. Hadronic decay widths of charmonium states.

c!cc State Decay Partial Width

11S0 !c!gg 17:4( 2:8 MeV [20]
13S1 J= !ggg 52:8( 5 keV [21]
11P1 hc!ggg 720( 320 keVa

13P0 "c0 !gg 14:3( 3:6 MeVb

13P1 "c1 !ggg 0:64( 0:10 MeVb

13P2 "c2 !gg 1:71( 0:21 MeVb

21S0 !0
c!gg 8:3( 1:3 MeVc

!0
c!##!c 160 keVd

23S1  0 !ggg 23( 2:6 keV [21]
 0 !##J= 152( 17 keV [21]
 0 !!J= 6:1( 1:1 keV [21]

11D2 !c2 !gg 110 keVe

!c2 !##!c ) 45 keVd

13D1  !ggg 216 keVf

 !##J= 43( 15 keVg

13D2  2 !ggg 36 keVf

 2 !##J= ) 45 keVd

13D3  3 !ggg 102 keVf

 3 !##J= ) 45 keVd

aComputed from 3PJ rates using formalism of [22]; also see
[23].
bCompilation of data analyzed by Maltoni (Ref. [22]).
cScaled from "%!c!gg&.
dComputed using Eq. (3.5) of Ref. [19].
eComputed using Eq. (3).
fComputed using Eq. (2).
gFrom rates compiled in Table X of Ref. [19].

TABLE I. c!cc spectrum in the Coulomb $ linear potential (1).

State Mass Remarks

11S0 !c
!

3067a
"
2979:8( 1:8

13S1 J= 3096:87( 0:04
11P1 hc 3526
13P0 "c0

9=
; 3526a

8<
:
3415:0( 0:8

13P1 "c1 3510:51( 0:12
13P2 "c2 3556:18( 0:13
21S0 !0

c
!

3678
"
3654:0( 10:0

23S1  0 3685:96( 0:09
11D2 !c2 3815 =! D !DD (parity)
13D1  

9=
; 3815

8<
:
3769:9( 2:5

13D2  2 =! D !DD (parity)
13D3  3 !D !DD
2P 3968
1F 4054
3S 4118

D0 !DD0 3729.0 threshold
D$D# 3738.6 threshold
D0 !DD!0 or D!0 !DD0 3871.2 threshold
D(D!* 3879.3 threshold
aInput values.
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Expect small hadronic widths



Radiative rates not negligible

!!n̂n2s"1‘J!E1 n̂n02s"1‘0J0!# $
4"e2c
3

!2J0 " 1#k3jEn̂n‘:n̂n 0‘0 j2 max!‘; ‘0#
!
J 1 J0
‘0 s ‘

"
2
; (4)

where ec $ 2
3 is the charm-quark charge, k is the photon

energy, the E1 transition matrix element is En̂n‘:n̂n 0‘0 $
3
k

R1
0 drun‘!r#un0‘0!r#%kr2 j0!kr2 # & j1!kr2 #' "O!k=mc#, n̂n (

n& ‘ is the radial quantum number, and f:::g is a 6-j
symbol. For M1 transitions, the rate is given by

!!n̂n2s"1‘J !M1
n̂n0 2s0"1‘J0!# $

4"e2c
3m2

c
!2J0 " 1#k3jMn̂n‘:n̂n 0‘j2;

(5)

where Mn‘:n0‘ $
R1
0 drun‘!r#un0‘!r#j0!kr2 #.

The calculated rates for the prominent transitions
among charmonium states are shown in Table III.
Values enclosed in parentheses have been corrected for
the effects of coupling to decay channels, following the
procedure developed in [14]. The calculated values repro-
duce the patterns exhibited by measurements, and are in
good agreement with other calculations in the literature
[31].We expect them to provide reasonable guidance to the
radiative decay rates of the missing charmonium levels.

Integrating all the calculated rates, we note that the
radiative decays should be prominent, with branching
fractions B!hc!#c!# ) 2

5 , B!#c2 !hc!# ) 2
3 , and

B! 2 !$c1;2!# ) 4
5 , of which B! 2 !$c1!# ) 2

3 .
Charmonium production in B decays.—Expectations

for the fractions of B-meson decays leading to
charmonium production are presented in Table IV.

To estimate the B! 1S0 production rates, we appeal to
the suggestion [35] that the ratio of spin-singlet to
spin-triplet decay rates is relatively insensitive to poorly
calculated matrix elements, !!B!n3S1 " X#=
!!B!n1S0 " X# $ 1" 8m2

c=m2
b ) 1:5. The inclusive

production of 1P states in B decays can be expressed
[36] in terms of color-singlet and color-octet contribu-
tions as [37]

!!b!hc " X#=!!b! ‘& "%%‘ " X# ) 14:7 eHH8;

!!b!$c0 " X#=!!b! ‘& "%%‘ " X# ) 3:2 eHH8;

!!b!$c1 " X#=!!b! ‘& "%%‘ " X# ) 12:4 eHH1 " 9:3 eHH8;

!!b!$c2 " X#=!!b! ‘& "%%‘ " X# ) 15:3 eHH8:

(6)

Using the measured rates for inclusive $c1 and $c2 pro-
duction summarized in Table IV, we extract eHH8 $
!8:95* 3:79# + 10&5 and eHH1 $ !2:18* 0:31# + 10&4,
which determine the inclusive branching fractions for
$c0 and hc. No measurements exist to guide our expect-
ations for the production of 1D states in B decays, so we
must rely for the moment on theoretical calculations [34]
that suggest production rates roughly comparable to those
for other charmonium states.

Observing the missing narrow states.—Radiative tran-
sitions among charmonium levels are the key to discov-
ering the remaining narrow states. Approximately 90 K
B!K#c events are produced in the Belle experiment’s
data sample. Using the production rates of Table IV, and

TABLE III. Calculated and observed rates for radiative tran-
sitions among charmonium levels in the potential (1).

! energy Partial width (keV)
Transition k (MeV) Computed Measureda

 !M1
#c! 115 1.92 1:13* 0:41

$c0 !E1 J= ! 303 120 (105)b 98* 43
$c1 !E1 J= ! 390 242 (215)b 240* 51
$c2 !E1 J= ! 429 315 (289)b 270* 46
hc!E1 #c! 504 482
#0
c!E1 hc! 126 51

 0 !E1 $c2! 128 29 (25)b 22* 5
 0 !E1 $c1! 171 41 (31)b 24* 5
 0 !E1 $c0! 261 46 (38)b 26* 5
 0 !M1

#0
c! 32 0.04

 0 !M1
#c! 638 0.91 0:75* 0:25

 !3770#!E1 $c2! 208 3.7
 !3770#!E1 $c1! 250 94
 !3770#!E1 $c0! 338 287
#c2 !E1  !3770#! 45 0.34

#c2 !E1 hc! 278 303
 2 !E1 $c2! 250 56
 2 !E1 $c1! 292 260

aDerived from Ref. [21]
bCorrected for coupling to decay channels as in Ref. [14]

TABLE IV. Measured and estimated branching fractions for
B decays to quarkonium levels.

c"cc State !!B!!c "cc# " X#=!!B! all# (%)

11S0 #c ) 0:53a

13S1 J= 0:789* 0:010* 0:034b,c

11P1 hc 0:132* 0:060d

13P0 $c0 0:029* 0:012d

13P1 $c1 0:353* 0:034* 0:024b,e

13P2 $c2 0:137* 0:058* 0:012b

21S0 #0
c ) 0:18a

23S1  0 0:275* 0:020* 0:029b

11D2 #c2 0.23f

13D1  0.28f

13D2  2 0.46f

13D3  3 0.65f

aScaled from 3S1 rate.
bData from Refs. [32,33].
cKnown feed-down from 2S state removed.
dScaled from 3P1;2 rates using Eq. (6).
eKnown feed-down from 2S and 1P states removed.
fComputed; see Ref. [34].
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What we expected: prominent radiative decays

B(hc → ηcγ) ≈ 2
5

B(ηc2 → hcγ) ≈ 2
3

B(ψ2 → χc1,2γ) ≈ 4
5 , of which B(ψ2 → χc1γ) ≈ 2

3

+ useful rates for !! cascades



What we know about X(3872)

Mass higher than simplest expectation;
lies at DD* threshold

In CDF, prompt production not negligible

Γ(X(3872) → γχc1)

Γ(X(3872) → π+π−J/ψ)
< 0.89

B(B+ → K+X) · B(X → π+π−J/ψ)

B(B+ → K+ψ′) · B(ψ′ → π+π−J/ψ)
= 0.063 ± 0.014



Alternatives to charmonium: deusons

deuteron-like “molecules” formed by
attractive ! exchange between

D0 and D̄∗0

Most attractive : I = 0, JPC = 0−+, 1++

Parity forbids decay into (ππ)I=0J/ψ

Hadronic cascade must be (ππ)I=1J/ψ

dissociation : X → (D0D̄∗0)virtual → D0D̄0π0



Alternatives to charmonium: hybrid mesons

Expected levels: anything but 2−−

Chromoelectric flux tubes : (0, 1, 2)++, 1+−

Chromomagnetic flux tubes : (0, 1, 2)−+, 1−−

Estimated masses 4.1 ± 0.2 GeV



Decay angular distributions

Spin-2 X(3872) decaying through s-wave !!:
angular distribution of J/ψ ∝ sin2θ cos2 θ

θ : X line of flight vs J/ψ direction

J/ψ → "+"− angular distribution ∝ 1 + cos2 ϑ

ϑ : angle of "+ wrt J/ψ flight direction

The classic: J. D. Jackson, Les Houches, 1965
also see Pakvasa & Suzuki, hep-ph/0309294



Another !! diagnostic
(!! angular distribution)

Isospin of dipion: charmonium + other 
contenders interpret X(3872) as I=0

R0 ≡ Γ(X → π0π0J/ψ)/Γ(X → π+π−J/ψ)

measures dipion isospin

ΓI ≡ Γ(X → (π+π−)IJ/ψ) : R0 = 1
2/(1 + Γ1/Γ0)

Deviations from 1/2 signal I-violating decay of an 
isoscalar, or I-conserving decay of an isovector



Charmonium: Comparison with Experiment (1980)

Eichten, Gottfried, Kinoshita, Lane, Yan, PRD 21, 203 (1980)



Coupling to open-charm channels

Phenomenological approach:

Evaluate 〈n3S1|Hint|DD̄〉, etc.

Hint = 3
8

∫
d!xd!y J0a(!x)V(|!x − !y|)Ja

o(!y)

Ja
0 = c̄γ0tac + q̄γ0taq

Calculate pair-creation amplitudes,
solve coupled-state system



Effects on the spectrum

Coupling to virtual channels induces spin-dependent
forces in charmonium near threshold, because

M(D*) > M(D)

Effects on partial widths

Radiative transitions suppressed (how much?)
by reduced overlap between 1D and 1P states

Also studying effect on hadronic transitions



Anticipate small strong decay width for ψ2(3872)



State Raw Mass Observed Mass Shift
11S0

13S1

ηc

J/ψ

}
3067.

{
2979.9 ± 1.0

3096.87 ± 0.04
+1.6
−0.5

11P1 hc 3526. +0.1
13P0

13P1

13P2

χc0

χc1

χc2

 3526.

 3415.3 ± 0.4
3510.51 ± 0.12
3556.18 ± 0.13

+0.5
−2.3
+1.2

21S0

23S1

η′
c

ψ′

}
3678.

{
3637.7 ± 4.4

3685.96 ± 0.09
+13.2
−4.2

11D2 ηc2 3815. !→ DD̄ (parity) +5.6
13D1

13D2

13D3

ψ
ψ2

ψ3

 3815.

 3769.9 ± 2.5
3871.7 ± 0.6→ DD̄

−54.7
−7.2
+28.5

21P1 h′
c 3968. +24.9

23P0

23P1

23P2

χ′
c0

χ′
c1

χ′
c2

 3968.

 +14.9
+39.5
−26.7

11F3 hc3 4054. −2.9
13F2

13F3

13F4

χc2

χc3

χc4

 4054.

 −0.5
+0.3
−0.4



Hyperfine splitting:

M(ψ′) − M(η′
c) = 32παs|Ψ(0)|2/9m2

c

M(J/ψ) − M(ηc) = 117 MeVNormalize to

M(η′
c) = 3637.7 ± 4.4



M(ψ′) − M(η′
c) =


79 MeV Tuned Cornell (ELQ)
75 MeV Cornell
78 MeV Buchmueller − Tye
65 MeV power − law
60 MeV logarithmic

Hyperfine splitting

48.3 ± 4.4 MeV... all larger than observed

2S shifts reduce splitting by 17.7 MeV
substantially improves agreement

First indication of open-charm influence? 



Coupled-channel influence on 1D masses:

 d-wave spin splittings small in NRQM picture 

degenerate3D2, 3D1 ≈
Coupling to open charm depresses 13D1 55 MeV

Leaves 13D2 50 MeV higher

Doesn’t fully account for observed
M(X(3872)) − M(ψ(3770)) = 102 MeV

but makes 13D2 assignment plausible



Could X(3872) be 21P1?

Seems improbable: 100 MeV above D0D̄∗0

in potential model;
 coupling to open charm raises by 25 MeV

Radiative decay would be hindered M1

Strong cascade: s-wave !! by L=1 (not 2)
(Could explain small radiative BR)

E1 decay to η′
c



Coming soon:

Radiative rates — new masses, effects
of mixing with open-charm states

Hadronic rates — new masses, 
some new inputs

Charmonium wave functions beyond cc̄

Tests for influence of open channels?



State Mass (MeV) Width (MeV)
11D2 ηc2 3884. 3.4
13D1 ψ 3770. 18.7
13D2 ψ2 3872. -
13D3 ψ3 3920. 2.4
21P1 h′

c 3968. 36.5
23P0 χ′

c0 3968. 23.8
23P1 χ′

c1 3968. 74.2
23P2 χ′

c2 3968. 8.6
11F3 hc3 4054. 14.6
13F2 χc2 4054. 30.6
13F3 χc3 4054. 11.0
13F4 χc4 4054. 5.6

Thresholds
D0D̄0 3729.4
D+D− 3738.8

D0D̄∗0 or D∗0D̄0 3871.5
D±D∗∓ 3879.5
D+

s D−
s 3936.2

D∗0D̄∗0 4013.4
D∗+D∗− 4020.0

D+
s D̄∗−

s or D∗+
s D̄−

s 4080.0
D∗+

s D∗−
s 4223.8

Search for structures in charm-anticharm mesons



Following up X(3872)

Verify I=0: look for charged partner,
check dipion angular distribution

Determine (or at least restrict) JPC

Look for radiative decays: γχc1,γχc2

Measure prompt vs B-decay at CDF

Look for D0D̄0π0 and D0D̄0γ



Following up X(3872)

Measure !! mass distribution
Look for structure in DD̄,DD̄∗,D∗D̄∗

Find structures or set limits on other π+π−J/ψ

Examine η J/ψ

Similar studies in bb̄

Measure rates for b → (cc̄) + anything



Theoretical work needed

Charmonium: understand threshold influence

Hybrid mesons: make some specific
predictions, sketch a decision tree

Molecular charmonium: production rates

Lattice: surpass the potential model



Whatever X(3872) turns out to be, much to do

If charmonium, find other states,
advance beyond one-channel NRQM

Molecular states and hybrid mesons
may still exist — how to form them?

If not charmonium, a new spectroscopy

(Charmonium states still await discovery)



General diagnostics: S. Pakvasa & M. Suzuki, 
hep-ph/0309294; F. E. Close & P. R. Page, 
hep-ph/0309253.

X-theory papers

Charm Molecules: N. A. Törnqvist, hep-ph/
0308277; M. Voloshin, hep-ph/0309307.

Hybrid mesons: F. E. Close & S. Godfrey, 
hep-ph/0305285.

Charmonium: Eichten, Lane, Quigg (soon!)


