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In this paper we consider all possibl®©land 2P cc assignments for the recently discoveng(3872).
Taking the experimental mass as input, we give numerical results fdE theadiative widths as well as the
three principal types of strong decays; open-charenannihilation and closed-charm hadronic transitions. We
find that many assignments may be immediately eliminated due to the small observed total width. The remain-
ing viablecc assignments are 3D5, 1 3D,, 1 'D,, 2 ®P; and 2'P,. A search for the modé/ 7°=° can
establish theC parity of theX(3872), which will eliminate many of these possibilities. Radiative transitions
can then be used to test the remaining assignments, as they populate characteristic final staté., el 1
1 !D, states are predicted to have lafga. 50% radiative branching fractions tg,; y andh.y, respectively.
We predict that the £D; will also be relatively narrow and will have a significaftta. 10% branching
fraction to y.,7y, and should also be observableBndecay. Tests for non?X(3872) assignments are also
discussed.
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[. INTRODUCTION There was a prior, unconfirmed, observation of a Xstate,
(3836 13) in m=N—J/ 7" 7~ +anything by the Fermi-
Several new meson states have recently been reportégb E705 Collaboratiof6].
[1-5] whose properties are in disagreement with the predic- An obvious assignment for th¥(3872) would be arL
tions of quark potential models. Assuming experimental con—_, - level, since the £D, and 1D, states are both

firmation, this indicates the necessity of refinements in theexpected to be narrow due to the absenceDaf decay
mo_?ﬁés r?]rotsrlergf;ﬁ'%? c'c):]:sd:I?j?;ci:vde%inezmilscaéhgggtzs) moded 7] and are expected to have sizeable production rates
' in B decays[8-10. These assignments however have the

which was reported by the Belle Collaborati¢h] in the : :
gt mvgnant less distribution in the @pgoceﬁk problem that the mass of th¢(3872) is somewhat higher

—K*J/ym" 7. The mass and width upper limit reported than most potential models predict foDlcc states(see

by Belle are Table ). Another difficulty is that the Belle limit on the
relative branching fractioBXcly/BJ,Wwf is much smaller
M=3872.0-0.6(stad + 0.X(sysh MeV, @ than the ratio predicted by Eichteet al. [11] for the C

=(-) 1 %D, state, although this may simply be due to an
inaccurate estimate of the problematic ratetg=" 7.

Note that the mass is very near tRD*° threshold of These difficulties have led to speculations that the
3871.5+ 0.5 MeV. The width is consistent with experimen- X(3872) may not be a conventionaDlcc state. The prox-
tal resolution. This observation has since been confirmed bynity to the DD* threshold in particular has suggested that
the Collider Detector at Fermilab Collaborati¢8DF) [2],  the X(3872) might be a weakly bourldD* molecule[12—
who report a very similar mass of 18]. Other possibilities that have been discussed aréPa 2
cc state[13,15 or a charmonium hybridl13,19.

In this article we compare the properties of tK€3872)

for a fixed experimental resolution of 4.3 MeV. A limit on the to theoretical predictions for the radiative transitions and
relative radiative branching fraction has also been reportedtrong decay rates of alll and 2P charmonium states. We

Is872<2.3 MeV, 95% C.L. 2

M =3871.4-0.7 (stah = 0.4 (sysh MeV 3

[1]: begin by summarizing quark model predictions for the
masses of thel and 2P cc states, followed by our predic-

B(X(3872— xc17) 089, 90% CL. (& tions for radiative transitions and strong decay partial widths.
B(X(3872—J/ym ) o o From these results we determine which assignments ap-

pear consistent with the experimental data at present, follow-
ing which we suggest measurements that can differentiate

*Email address: tbarnes@utk.edu between thesec assignments as well as new- possibili-
TEmail address: godfrey@physics.carleton.ca ties.
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TABLE I. Predicted and observed masses & and 2P cc states.

State Expt. G[23] EF [24] FU [25] GRR[26] EFG[27] ZVR [28]
13D, 3849 3840 3884 3830 3815 3830
13D, 3838 3797 3871 3822 3813 3820
13D, 3770 3819 3762 3840 3801 3798 3800
11D, 3837 3765 3872 3822 3811 3820
23%p, 3979 3972 4020
23%p, 3953 3929 3990
2 3P, 3916 3854 3940
2P, 3956 3945 3990
Il. SPECTROSCOPY potential model§23—2§; note that most predict) states

éabout 50-100 MeV below thX(3872) mass, and theP2
States are predicted to lie above tH€3872) by a similar
mount. The results are rather similar numerically because

The spectrum of charmonium states has long provide
important tests of our understanding of the forces betwee

guarks. The mean multiplet positions are consistent with th ey differ on relatively fine points such as relativizing quark

‘funnel-shaped potential” that follows from one gluon ex- rgotion regularizing singular interactions, and the choice of
change and linear confinement. One gluon exchange implie \perimental input. Clearly they all predict that the 1

additional spin-dependent forces, specifically the contact™F ) ! o _
spin-spin interactior(evident in thed/y— 7, splitting) and €€ multlplet has a much smaller multiplet sp_llttlng than is
spin-orbit and tensor forces that affect the fine structure ofmplied by theX(3872) and the)(3770). In this paper we
L>0 multiplets. The agreement of the predicted splittings oft@Citly assume that the potential model wave functions are
the ., states with experimer{tincluding the negative spin- approximately correct focc states, and that the discrepancy
orbit contribution of scalar confineménhas until recently in the spectrum is due to additional effects such as confine-
been considered a clear success of this model, and is thgent spin-orbit terms or coupled-channel effects, which shift
strongest experimental evidence in favor of Lorentz scalathe variouscc states by different amounts. The importance
confinement. of these coupled-channel effects will be considered in future
The discovery of theX(3872), like the earlier reports of work.
theD3,(2317)" andD¢,(2457)", has called the accuracy of  Although the spectroscopy of charmonium states has been
these models into question. In both cases, narrow states hawensidered by many lattice gauge theory collaboratidois
been reported at masses that are rather far from the predicecent reviews see Ref9,30), relatively few results have
tions of quark potential models. Either these new states arkeen reported for the orbitally and radially excited® nd
not dominantly quarkonia, or we are seeing evidence of im2P multiplets, and these references quote rather large sys-
portant additional forces that were not previously incorpo-tematic and (for 2P) statistical uncertainties, which at
rated in the models. present imply an overall uncertainty of roughtyl00 MeV
The most detailed predictions of the charmonium specf31]. The mean positions reported for th® 132,33 and 2P

trum have come from quark potential models. These modelg32—34 multiplets are about 3.8 GeV and 4.0 GeV respec-
typically assume a color Coulomb plus linear confining in-tively, which are consistent with potential model estimates
teraction, which is augmented by the spin-dependent forcesnd with the experimental 4D, state(3770). Within the
that follow from one gluon exchang®GE) and the confin- 1D multiplet there is some evidence from lattice gauge
ing interaction. These OGE terms are noncontroversial, angheory(LGT) that the 3 ~ state lies above the 2" and 2~ *

are the Breit-Fermi Hamiltonian times a color factor; they stateq33]. Lattice gauge theory predictions for these higher
consist of a contact spin-spin term, a spin-orbit term and &xcitations are clearly very important, and hopefully results
smaller tensor interaction. The spin-dependent force thagith much smaller errors will become available in future.
arises from confinemens rather controversial, as it depends Studies of the mass differences of states within each multip-
on the assumed Lorentz structure of the confining interactet would be especially interesting, and may be less sensitive
tion. The usual choice is scalar confinement, which gives afo the large overall mass scale uncertainty.

inverted spin-orbit term that partially cancels the OGE term
for small L. The alternative choice of vector confinement
(which was assumed in the Cornell modeD-22) has a
noninverted spin-orbit term, and unlike scalar confinement Radiative transitions can provide sensitive tests of the
does not give a good description of the splittings of the¢  spectroscopic assignmentangular quantum numbersf
states. heavy-quark mesons. As an example, radiative transitions
_The numerical mass predictions for thedland 2’ have been proposd@7-39 as a means of determining the
cc states given in Table | are taken from several of thesguantum numbers of the recently discover@d;(2317)"

IIl. RADIATIVE TRANSITIONS
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TABLE II. Radiative transitions in scenario 1: Predictions for i transitions D— 1P, 2P—2S, 2P—1S and 2°— 1D, assuming
in all cases that the initiatc state has a mass of 3872 MeV. The matrix elements were obtained using the wave functions of the
Godfrey-Isgur model, Ref23]. Unless otherwise stated, the widths are given in keV and the dinahasses are PDG valug$4].

Initial Final M o (f|rli) Cyi Width
stateX(3872) state (MeV) (MeV) (Gev' Y (keV)
13D, Xe2(1 3Py y 3556.2 303 2.762 2/5 367
1°D, Xc2(13P2)y 3556.2 303 2.769 1/10 92
X1 (1 3Py 3510.5 345 2.588 3/10 356
13D, Xe2(1 3P5) y 3556.2 303 2.769 1/90 10.2
Xer(13P))y 3510.5 345 2.598 1/6 199
Xeo(1 3Pg)y 3415 430 2.390 2/9 437
1'D, heo(1 'Py)y 3517 339 2.627 2/5 464
2°3p, b2 3S)y 3686 182 2.530 1/3 55.2
(1 3S)y 3097 697 0.276 1/3 372
J'(13Dy)y 3770 101 —2.031 1/150 0.12
(1 °D,)y 3838 34 —2.208 1/10 0.08
W3(13D3)y 3849 23 —2.375 14/25 0.16
23%p, W'(23S)y 3686 182 2.723 1/3 63.9
(1 3S)y 3097 697 0.150 1/3 11°0
#"(1°D,)y 3770 101 —2.244 1/6 3.7
(1 °Dy)y 3838 34 —2.413 1/2 0.49
2 %P, P'(23S)y 3686 182 2.899 1/3 72.4
(1 3S) y 3097 697 —0.002 1/3 1.5e¥
"(1°D,)y 3770 101 —2.457 2/3 17.8
2P, 7e2(1 1Dy) y 3837 35 —2.395 2/3 0.7
7¢(2 1Sy) y 3638 227 2.303 1/3 89
7e(1 1Se) ¥ 2980 789 0.304 1/3 65.4

8Mass predicted by the Godfrey-Isgur model, Ré8]. The masses given in R4R23] were rounded to 10 MeV; here we quote them to 1
MeV.

®Current world average, from Rg#5].

‘These transitions are rather sensitive to the details of the model due to the node P wave functions, which lead to approximate
cancellation in the P-1S overlap integrals.

andD¢5(2457)" [3-5]. In this section we calculate tHel

radiative widths that follow from variouscX(3872) assign-
ments.
The partial width for arE1 radiative transition between

cc states in the nonrelativistic quark model is given by

IRV 2
Cii=max(L, L")(23'+1) 3 Lll . (6)
For convenience the coefficier{t€;;} are listed in Tables Il
and Ill. The matrix element¢n’2S 1L [r|n?S*1L ) are
given in Tables Il and Ill, and were evaluated using the wave
r(ns*1,—n’ 25'+1L3,+ y) functions of Ref[23]. Relativistic corrections are implicitly
included in theseE1l transitions through Siegert's theorem

4., 4 )25 41y 1 51l 12 [41—_43}, _by including spin-dependent interactions in the
= 3w Cidsgl(n Ly |r[n=>" L) Hamiltonian used to calculate the meson masses and wave
functions.
(5) We give two sets of predictions for these radiative widths.

. In the first se{Table Il) we assume in all cases that the initial
(see for example Ref40]), wheree.=2/3 is thec-quark  meson has the mass of th&3872). While we appreciate
charge in units ofe|, « is the fine-structure constant, is  that in some cases this is clearly an unlikely assignment,
the photon’s energy, and the angular matrix elem@ptis  such as the £D; [normally identified with they(3770)],
given by we wish to consider decays of all conceivabt€3872)
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TABLE lll. Radiative transitions in scenario 2: As in scenario 1, except that unknown masses are taken from the Godfrey-Isgur model.

Initial Final M » (f|rli) Cii Width
state state (MeV) (MeV) (Gev' 1) (keV)
1 3D4(3849) Xe2(1 3Py 3556.2 282 2.762 2/5 295
1 °D,(3838) xc2(13P2)y 3556.2 271 2.769 1/10 66
xer(1 3Py 3510.8 314 2.588 3/10 268
1 3D,(3770f Xe2(1 3Py)y 3556.2 208 2.769 1/90 3.3
xer(1 3Py 3510.% 251 2.598 1/6 77
Xeo(1 3Pg)y 3418 338 2.390 2/9 213
1 'D,(3837) ho(1 1Py y 3517 307 2.627 2/5 344
2 3P,(3979) V(2 3S)y 3686 282 2.530 1/3 207
(133 y 3097 784 0.276 1/3 53
3(1 °Dg)y 3849 128 —2.375 14/25 29
Uo(1°D,)y 3838 139 —2.208 1/10 5.6
"(1°D,)y 3770 204 —2.031 1/150 1.0
2 3P,(3953) Y'(23S)y 3686 258 2.723 1/3 184
(1 3S) y 3097 763 0.150 1/3 14%
Ur(13D,) y 3838 113 —2.413 1/2 18.3
J'(13D,)y 377G 179 —2.244 1/6 20.7
2 3P,(3916) b'(238)y 3686 223 2.899 1/3 135
(1 3Sy) y 3097 733 —0.002 1/3 1.6 e¥
J"(1°D,)y 377C¢ 143 —2.457 2/3 51.2
2 1P,(3956) 7e2(1 'Dy)y 3837 117 —2.395 213 26.6
702 1S)y 3638 305 2.303 1/3 217
7o(1 1Sy 298¢ 856 0.304 1/3 83

3Experimental PDG mad#4].

®Current world average, from Re#5].

‘These transitions are rather sensitive to the details of the model due to the node B we& functions, which lead to approximate
cancellation in the P-1S overlap integrals.

cc assignments systematically, and will demonstrate that (3) closed-flavor hadronic transitions, such asc)(

only a few possibilities are consistent with the existing_’J/‘ﬂ””z”c””"]/‘ﬁ”’77_c77' e ]
X(3872) data. We estimate the Zweig allowed decays using g de-

ot ; i cay model. The history of this model and related strong de-
In the second set of radiative Wldth predictidiigble 11I) cay models has been reviewed recently by Bafué de-
we assume thec masses predicted by the Godfrey-1Sgur iiis of the approach may be found in the extensive literature
quel[23] where no oby|ous experlmental car.1d|.date eX|sts(see for example Acklelt al. [47] and Blundell and God-
This should generally give more rellabl_e predictions for thefrey [48]). The 3P, strong decay amplitudes are given by a
radiative widths of as yet unidentifiedc states, and will dimensionless pair production amplitugetimes a convolu-
hopefully provide useful guidance for experimental searchetion integral of the three meson wave functions. Based on
for these states. our experience with light meson decays we get0.4. We
IV. STRONG DECAYS assume simple harm_onic os_cilla(@HO) wave functions for
the three mesons, with a universal Gaussian width parameter
Strong decays provide crucial tests of the nature of théf =0.5 GeV; this is a rough average gfvalues that give
X(3872), through the total width and relative branching frac-maximum overlap with nonrelativistic Coulomb plus linear
tions. We consider three types of strong decay: wave functions as well as Godfrey-Isgur wave functions. We
= also generalized théP, decay overlap integrals of Ackleh
- et al. [47] to accommodate different quark and antiquark
+(qe) (_q=u,d,s), o - masses in the final mesons. The single new parameter re-
(2) cc annihilation,cc—gg, ggg, 9qg, ..., and quired here is the heavy-light quark mass ratiem./my,

(1) Zweig-allowed open-charm decays,cd)— (cq)
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TABLE V. Partial widths and branching fractiondBF) for TABLE V. As in Table IV, except that unknown masses are
strong and electromagnetic transitions in scenario 1: We assume taken from the Godfrey-Isgur model.

all cases that the initialc state has a mass of 3872 MeV. Details of

the calculations are given in the text. Initial Final Width BF
state state (MeV) (%)
Initial Final Width BF 3
state state (MeV) %) 1 3D4(3849) DD 2.27 76.7
[o]e]e} 0.18 6.1
1°Dg DD 4.04 84.2 Iy 0.21+0.11 7.1
999 0.18 3.8 Xe2(1 3P2)y 0.30 10.1
iy 0.21+0.11 4.4 Total 2.96 100
Xc2(13Py)y 0.37 7.7 "
Total 4.80 100 1 3D,(3838) ggg 0.08 12.7
Iy 0.21+0.11 33.3
1°D, 999 0.08 10.8 Yeo(1 3P,y 0.07 11.1
Iy 0.21+0.11 28.4 Xe1(13Py)y 0.27 42.9
Xca(1 °P2)y 0.09 12.2 Total 0.63 100
xer(1 3Py 0.36 48.6
Total 0.74 100 13D,(3770) DD 42.8 96.4
099 1.15 2.6
1°D, DD 184 98.9 Ay 0.21+0.11 05
999 115 0.6 Xe1(1 %P1y 0.08 0.2
N 0.21+0.11 0.1 Yoo(1 2Po)y 021 05
Xca(1°Py)y 0.20 0.1 Total 44.4 100
Xco(1 3Po)y 0.44 0.2
Total 186 100 1'D,(3837) 99 0.19 25.7
1 N 0.21+0.11 28.4
1'D, gg 0.19 22.1 ho(1 P,)y 0.34 45.9
N 0.21+0.11 24.4 Total 0.74 100
ho(1 Py 0.46 53.5
Total 0.86 100 2 3p,(3979) DD 42.4 46.8
2°p DD 21.1 82.4 bD* 42.5 46.9
2 s 179 DD, 1.03 1.1
W(zggsl) 006 o 99 4.4 4.9
VY : ' ¥ (2 3S))y 0.21 0.2
g1 3Sy) y 0.04 0.2 3 .,
Total 25.6 100 I "S)y 0.05 610
W3(13D3)y 0.03 3x10 2
23pP, qqg 1.65 95.9 Total 90.6 100
J‘f'(z Sy 0.06 3.5 2 3p,(3953) DD* 118 98.4
W(13S)y 0.01 0.6 4 165 14
Total 1.72 100 o
' (23S)y 0.18 0.2
2 3P, DD 13.7 (see text 24.6 (1 8S)y 0.01 8x 1073
99 42. 75.3 ¥o(1 °Dy)y 0.02 2x10°?2
b'(233)y 0.07 0.1 (1 °Dy)y 0.02 2x102
¥'(1°Dy)y 0.02 431072 Total 120 100
Total 55.8 100
2 3P,(3916) DD 0.0 (see text 0
2P, 999 1.29 81.6 g9 42. 99.5
ggy 0.13 8.2 (2 3S)y 0.14 0.3
7:(2 ')y 0.09 5.7 #1(1°Dy)y 0.05 0.1
7:(1 'So)y 0.07 4.4 Total 42 100
Total 1.58 100
2 1P,(3956) DD* 78.4 97.9
[o]e]e} 1.29 1.6
which we take to be 1.5/ 0.33 far,d and 1.5/0.55 fos. Our a9y 0.13 0.2
results for the partial widths of these open-flavor modes are 7:(2 'So) ¥ 0.22 0.3
given in Table IMwith all initial masses set to 3872 MgV 7:(1 1Sp) ¥ 0.08 0.1
and Table V(with all unknown masses set to the Godfrey- Total 80 100
Isgur values

054008-5



T. BARNES AND S. GODFREY PHYSICAL REVIEW 9, 054008 (2004

Note that the °D, ¢, and the 1'D, 7, cannot decay accuracy, the contact approximation foc(1 'D,)—gg
to DD due to parity conservation, and since they are belowgiven above has been checked numerically, and overesti-
the next open flavor thresholdP*) they are expected to mates the rate found with a futtquark propagator by about
be narrow. The narrowness of théD; 5 in contrast is due ;EWO er(]jers 9:; magmtudé58]f- :])therfprobllems are lthat Lhe
: ~ _ logarithm evident in some of these formulas is evaluated at a
:?ersuppressmn by thBD F-wave angular momentum bar rather arbitrarily chosen scale, and that the PQCD radiative

Experience with liaht and strange meson strona deca corrections to these processes are often found to be large, but
P gnt. . g 9 Y3re prescription dependent and so are numerically unreliable.
suggests that these partial widths should be accurate to pe us, we regard these formulas as rough estimates of the

haps a factor of twégiven the correct massgshe predicted 5 ia) widths for these annihilation processes rather than ac-
width of the ¢(3770) (in Table V), for example, is cyrate predictions, and they certainly merit more theoretical
I'(1 °D,(3770)~DD)=42.8 MeV, whereas the PDG ex- effort in the future. The numerical partial widths we find for
perimental average iEf,,"(‘3770)= 25.3+2.9 MeV [44]. these annihilation processes are given in Tables IV and V.
Annihilation decays into gluons and light quarks make The final strong decays we consider are closed-flavor had-
significant contributions to the total widths of some ronic transitions of the typec)—(cc)+ 7w (7). There

cc resonances. These decay rates been studied extensivéigve been many theoretical estimates of these and related
using perturbative QCIPQCD methods[49-59; the rel-  transitions[60—72. Here we employ the multipole expan-
evant formulas are summarized in RES6]. Expressions for ~Sion of color gauge fields developed by Yan and collabora-
decay widths relevant to theDland P cc states are tors [60—63 together with the Wigner-Eckart theorem to es-
timate the E1-E1 transition rates[60]; the relevant
expressions are summarized by Eichten and QLidy The

1022 |RY(0)[2 recent BES Collaboration measurement of 8g/(3770)
I'(®D;—ggg)= ey Cy———In(4mg(r)), (7)  —Jlym 7 )=(0.59+0.26+0.16)% [73] is used as input
Mg for the cc transitions of the type dc)p—(cc)gma. One
should be cautious about this result and the predictions we
242 |RL(0)|2 derive from it as CLEGs has pr+esented the smaller prelimi-
I'('D,—gg)= 3 5 (8)  nary limit of B((3770)—J/¢m* 7~ )<0.26% at 90% C.L.
Mg [45]. Furthermore, rescaling thé\,(2,0) bb amplitude
needed for the D—S transitions gives I'(#(3770)
2 et (2 —J/ym" w7 )=58 keV, which is consistent with the
I'(3P,—gg)= 8as [Rp(0)] 9) CLEO-c result but is about a factor of 2 smaller than the
5 m‘é ' BES measurement. The hadronic transition rates, based on
the BES measurement, are summarized with the other strong
decays in Tables IV and V. We do not include decays of the
—  8nsad |Rp(0)|? type 23P;—1 3'P,,, as they are expected to be small
I'(°P;—qqg)= = ———In(mg(r)), (100 compared to the decays considered here. Similarly, transi-
Mq tions with  and7° in the final state are also possible but are
expected to have much smaller partial widths than the decays
/ that we have included.
I'(*P1—ggg)= 20agwln(m (r) (11 —
! 97 mg Qv V. DISCUSSION OF X (3872 cc ASSIGNMENTS

Q
A summary of the strong and electromagnetic partial

1 36 ,a widths predicted for eachll and 2P cc assignment for the
I'("P1—09y)= geqa_sr( P1—999), (12)  x(3872) is given in Table IV. The initial mass in all cases is
taken to be 3872 MeV.
One may immediately eliminate the®P,, 2 3P, and the

|RH(0)|? “straw dog” assignment®D;, due to the large theoretical

3 a2 : , .

I'(°*Po—gg)=6as——(F—, (13)  total widths. The total width of &D,(3872) state is pre-
Mq dicted to be about two orders of magnitude larger than the

experimental limit of 2.3 MeM95% C.L) for the X(3872),

and 23P, and 23P, states at 3872 MeV would have strong
widths an order of magnitude larger than the experimental
limit. (We note that the process®®,— DD is accidentally

= . near a node in the decay amplitude, which gives a suppressed
~0.23 (with some weak mass dependencend used the rate for thisSwave decay. This may be an artifact of the

wave f“UC"O”S of Ref[z?’]'. . . decay model. In any case annihilation decays should ensure
Considerable uncertainties arise in these expressions fro 3 —.
@at the 2°P, cc is not a narrow statg.

the model dependence of the wave functions and possibl - e
relativistic and QCD radiative correctiorisee for example A priori the most plausiblecc assignments for the
the discussion in Ref23]). As one example of a likely in-  X(3872) are 1°D, and 1'D,. Since the mod®D is for-

whereC;=2, 1, 4 forJ=1, 2, 3, and the number of light
quarks is taken to be;=3. To obtain our numerical results
for these partial widths we assumen,=1.628 GeV, ay
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bidden, these states have no allowed open-charm decalgrough an isospin-violating transition 83¢p° followed by
mode, and must decay instead through the weaker shorp®— 7" 7, the initial state ha€=(+). In the former case
distancecc annihilation processes, radiative decays, andhe J/¢m°7® mode should have approximately 1/2 the
closed-flavor hadronic transitions. We find that these decaygranching fraction o8/ =" 7~ (expected fot =0). In con-
lead to theoretical total widths of about 1 MeV for both thesetrast, thep® decays only to charged pions. The observation of
states. this state in al/ ¢y mode and past experience with dipion
These 2 states should both have quite laif§# radiative ~ decays sugge€i=(—), but this should be checked through
branching fractions, in tota50%, and the final states are a search ford/yy7°x°. If a J/ym°w° decay mode is con-
very characteristic. The spin-triplet D, will decay into  firmed with this strength, we are then left with tle=(—)
Xc2y and xq1y with a relative branching fraction of about cc candidates £D3, 1 3D, and 21P;. Conversely, if there
1:4, whereas the spin-singlet'D, will decay into hcy, s no significant)/ ¢ 7°#° mode relative tal/ym* =, the
whereh_ is the as yet unidentified spin-singiwave state.  x(3872) would presumably b&8=(+), with cc candidates
Confirmation of a 1'D, ccX(3872) assignment may there- 1 D, and 23P;. Studies of radiative decays can be used to

fore require the identification of the problematic'®;  test the remainingc possibilities once th€ parity is estab-

cc state. lished. We note in passing that the pion invariant mass dis-
We find that the current Belle limit on the radiative decaytribution has also been advocated as a discriminator between
of the X(3872), these assignmenf45,60.

If we use the mass predictions of the Godfrey-lsgur model
[instead of theX(3872) maskto calculate the properties of

BX(3872 ~ xc) 0.89, 90% C.L., (14 1D and 2P cc states(Table V), we find that all of the P
B(X(3872—J/ym"7") states are rather broad, making them more difficult to ob-
- serve inB decay. In contrast all the[l states remain rela-

is only marginally a problem for the 4D, cc assignment, tively narrow, since the predicted Godfrey-Isgur masses are
due to our larger scal@elative to Ref[11]) and significant below theX(3872) mass. We therefore expect that all mem-
uncertainty in thel/ 7 branching fractior(see Table IY.  bers of the D multiplet will be observable iB meson de-
However, the recent CLE®-result would pose a problem cays, independent of the nature of ti€3872).
for the prediction and we eagerly await more precise data
from these experiments. With somewhat better experimental .
statistics we anticipate that the.,y and x.,y modes will VI. NON-cc ASSIGNMENTS: DD* MOLECULE

both be evident, if th&X(3872) is indeed a 2D, cc state. The fact that the reported(3872) mass and the°D*°
Although the 1°D3 cc state does have an open-charmthreshold are equal to within the current errors of about 1
decay mode@D), we find that the centrifugal barrier actu- MeV has led to speculations that this state might actually be
ally implies a small total width of only a few MeV; given the a weakly bound>D* molecule, perhaps dominanty’D*°
uncertainties in thé P, decay model, this state should also [12-18. The possibility of charm meson molecules has been
be considered a viabl¥(3872) candidate. The 3D, as-  discussed in several earlier references, especially regarding
signment can also be tested by studying radiative decays; thibe ¥(4040) as @D*D* candidatg54,75,74.
state is predicted to have an 8% branching fractioy toy, DD* molecule assignments can be distinguished from
but xc;y in contrast isM2, and will have a much smaller cc through quantum numbers and decay modes. Since a mo-
partial width. Thus they.;y and x.,y decay modes can be |ecular state would most likely be a8 wave, JI°=1" is
used to distinguish between®D, and 1°D3. expected. Eithe€ parity is possiblea priori, and attractive
The 23P; and 2'P; states if at 3872 MeV would have forces do arise in eadB-parity channel, due to strong virtual
total widths of about 1-2 MeV, also consistent with the decay couplings to théheoretically higher-massC=(+)
X(3872) experimental limit. These states are notable in thap 3p, andC=(-) 2 P, cc states.
they shouldhot be clearly evident in radiative transitiorisi Assuming binding from one pion exchange forcesgriFo
branching fractions of only a few percent are expected, a”@ﬁvist[lZ] argues thaC=(+), and in addition to th&wave
unlike theE1 decays oD-wave charmonia, theseP2states  jPC_1++ giate theP-wave combination withJP¢=0""
do not populate the modeg.y or h.y; instead an initial  ghoyld also be bound. SinceCa= (+) state cannot decay to
2°Py or 2'Py leads to 0/¢,y')y or (1c,7¢)y 1€SPEC- 3/ y(mrmr)s, Tornquist suggests that the obsenddsm -
tively. Problems with these 2 assignments are that we do fjna| state may be due todH yp° decay, allowed by isospin
not expect thel/ ¢ final state to be prominent, and that mixing in the initial statg77]. (A dominantly D°D*° mol-
the predicted masses are roughly 100 MeV higher than thggyle for example has=0 andl =1 components with com-
X(3872). . _ parable weight§13].) Swanson[18] finds that attraction
The search for @/ym°=° mode is a very important ex- from pion exchange alone is not sufficient to fornD®*
perimental task. If theX(3872) is indeed ac state, the molecular bound state, but thad&°=1"*" bound state does
presence or absence of this mode will sefegarity (—) or  form when short-ranged quark-gluon forces are included as
(+) respectively[74]. Decays tod/ym°#° imply that the  well.
initial state hasC=(—), whereas if the decay proceeds In a hypothetical very weakly bound, dominan®’D*°
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molecule, one would expect the decays and partial widths toate between these remaining possibilities. The observation
be essentially those of ti2* °. This implies dominant decay of a J/¢#°x° mode with a relativel/ 7" 7~ branching
modesD°D%7° andD®DCy, in an approximately 1.5:1 ra- fraction of approximately 1:2 indicates@=(—) state, and
tio, and a total width equal to that of tre*®, which is  \yould restrict the plausibleccX(3872) assignments to
Fheoretlcallywso I§e\(. Swanso_rli18] |On contrast finds that 4 3D,, 13D,, and 2'P;. A limit on J/¢m°=° well below
internal rescatter is important in tH2°D*° bound system,
which leads instead to dominadf p° and J/¢yw decay
modes, giving a total width o2 MeV. This is essentially
equal to the current experimental limit. A search for the
J/yw mode would be an important test of this molecule
decay model.

There appears to be general agreement that the radiati

this 1:2 ratio would implyC=(+), leaving 1'D, and
2 3P, as possible assignments. A unique assignment can
then be established through studies of the final states popu-
lated in X(3872) radiative transitions. The observation of a
JI 97O signal with a strength comparable 8y 7+ 7~
\put significantly different from the 1:2 ratio would indicate
. — that the initial state is not alspin eigenstate; depending on
transitions o_faweakly bound molecule to a_ru.ycly c_hannel the value of this ratio, this might support a mixed-isospin
should be highly suppressed, so establishing limits on thesBD* molecule interpretation.
radiative partial widths would also provide useful tests of Radiative transitions have previously been advocated as
DD* molecule models. - « important tests of the nature of th¢(3872) because the
_One should note that' mixing between thED* and  oqtimated rates vary widely for different types of initial
cc basis states will certainly be present at some level, sQie5 and the radiative partial widths between parédasis
evenina domlnintly molecul@D* state, suppre_ssed tran- states can be calculated with reasonable accuafqyerhaps
sitions from thecc component of theX(3872) to cc)y will 30%). For pure D cc assignments for th&(3872), we
occur. The observed radiative partial widths relative to presiq that the relative branching fractions to the moggsy,
dictions for purecc states can be used to quantify the y .y andh,y depend strongly on the initial state, and can be
(cc)—DD* mixing. used to distinguish between®D;, 13D, and 1'D,. We
noted however that as th(3872) is essentially degenerate
with the DD* threshold, we expect a significabD* com-
ponent inX(3872), even if it is dominantly ac state. Thus
Charmonium hybrid states have been predicted to hav@g cc—DD* mixing is significant, we would expect radia-
masses in the range of 4.0 to 4.4 GeV, with the higher valug, .« transitions to ¢67 to be observed, but with partial

preferred by recent LGT studies. The flux-tube decay modeligihs that are suppressed relative to the predictions of the
argues that these states will be narrow if they lie below the(f uark model. SimilarlvDD* -molecule decay modes
S+ P open-charm threshol®DY , and hence will have a q . y Y

oo 00,0 0
relatively large branching fraction & 7. [Of course the such as[? D y,-D D_W ' ;]/(ﬁp andJ/ e should also be
large branching fraction reported far,(1600)— pm argues ~ Present in a mixec¢c-DD* state, but at a suppressed rate
against dominance by high-maSs-P decay mode$.Char- relative to the partial width expected from a dominantly
monium hybrids are also expected to have relatively smalPD* molecular bound state. _
radiative widths. Although the reported properties of the AS an interesting final observation, we expect théDk
X(3872) are consistent with these expectations for and %3 {0 be rather narrow, and to have significant branching
0"~ hybrids, the large discrepancy with the predicted LGTfractions toJ/¢mm and xc,y. This suggests that thes
mass of 4.4 GeV makes this assignment appear unlikely. ighould be observable iB decay. The observation of all the
addition, a recent lattice study finds that some hybrid closedmembers of the @ cc multiplet would contribute very use-
flavor decays have surprisingly large partial widff&g],  ful information to the study of spin-dependent forces in
which may also argue against a hybrid assignment for th&eavy quarkonia.
X(3872).

VII. NON- cc ASSIGNMENTS: CHARMONIUM HYBRID
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