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Charmless final states andS- and D-wave mixing in the ¢
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The "= (3770) resonance is expected to be mairdy1 3D,), but tensor forces and coupling to charmed
particle pairs can mix it withy’ (23S,) and other states. The implications of this mixing for decayg/bto
noncharmed final states are discusgedThe ratiol’ (' — y+ x2)/T' (" — v+ xco) iS expected to be highly
suppressed iff” is a pure D-wave state, and is enchanced by mixiiiy.The expected decay’ — pm and
other “missing” modes can appear as correspondifigpartial widths, enhanced by a factor depending on the
mixing angle. General arguments then suggest a branching ratio of about 1%, give or take a factor of 2, for
charmless hadronic decays ¢f'. (iii) Enhancements can appear in penguin amplitudeB itecays,B
— Kz’ branching ratios, and dire€@ P-violating asymmetries if8B— K7 decays.
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[. INTRODUCTION turbative QCD also was adequate to explain the observed
leptonic width [12]. Probably both perturbative and non-
The lowest resonance in electron-positron collisionsperturbative(e.g., coupled-channegffects are present.

above the charmed particle pair production threshold is the The mixing of they” with other states can affect both its
"= y(3770), discovered somewhat after tHey(3097) and  decays and those of the other states. In Sec. Il we discuss a
the ¢’ = y(3686)[1].1 It provides a rich source @°D° and S|mpI|f|ed modell fo_rdf’—zp”_mlxmg and its implications for
D*D" pairs, as anticipated theoretical]. The largest data Iep_tonlc a/|:1d radiative par}’lal decay rates of these states. The
sample ofy/” decays studied so far, by the Mark III Collabo- :filtlr?l Fs(f Te);:e)écif)/{’%ﬁ TJZGE{(VTI()a)VGISStZ)t(geEIE%OE dbbee
ration at the Stanford electron-positron collider SPEJSR er?ha)rgceg%y mixing5, 7 13815 '
has been 9.560.48 pb 1. Plans are under way to accumu- The “missing deca’y modes” of thes’ [16], such aspmr
late as much as 3 f at the Cornell Electron Storage Ring '

. . . o and K*K+c.c., are a long-standing puzz[@7-21. Re-
CESR, which will permit much more incisive tests of a . v )
;umblzr of open qugstior[g]. In the present paper we dis- cently Suzuki[22] showed that if ay’ decay amplitude due

C ) to coupling to virtual(but nearly on-shellcharmed particle
cuss seve_ral of these which involve observatlonnqh- . pairs interferes destructively with the standard three-gluon
charmed final statesf the . These have been studied in amplitude, the suppression of thesad other modes iy’
two previous papert5,6] based on the Mark Il data. final states can be understood. We pursue this suggestion

The " is the only present candidate forawave ( fyrther in Sec. Il using they’—y” mixing model described
=2) quarkonium level.(Strategies for finding the corre- ggaylier. We propose that as a result of coupled-channel effects
spondingbb levels have been noted in Refg,8].) Although  the expected decay widtfi(¢'— pm)=0.5 keV and other

it is primarily cc(13D,),? its leptonic width(quoted in Table ~ “Missing” rr;odes could show up as corresponding partial

| [3,9]) indicates a contribution from mixing wittswave  Widths in ¢/ decays, possibly enhanced by a considerable

states, such as the nearpy(23S,) and to a lesser extent factor depending on the mixing angle. Since the latter state

with J/4(13S,) [10] andn>3 S-wave states above 4 GeV/ has a tota_l With nearl_y 100 times that of tie, each of .

c2. Early calculations of this mixing based on contributionsth€se partial widths still corresponds to a small branching

from intermediate real and virtual states of charmed particléat'l(f)' ing to ch 4 varticl o bl |

. . , _— _ — coupling to charmed particle pairs is responsible for

pairs[2] predicted a)” contribution to thee® e~ —DD cross o f " L

section which indicated the utility of this state as a “charm nm(;)r?-r(l:ghatrhrﬁe% f%r;? ;?aetel//s, "?n(;jeézr :'g?'ggﬁ? t Zﬁ?;g’s 0?{ is

factory” and predicted its leptonic width quite wélllt was ) . (%) B (%) y ) P o

later found that mixing due to a tensor force based on perlikely that virtual or realD™’D™’ pairs produced in low
partial waves in other contexts may undergo significant res-
cattering into non-charmed final states. Foremost among

*Email address: rosner@hep.uchicago.edu these cases are the decaySBO_IanEOES, which can involve

The numbers in parentheses indicate the masses of the particlé®iCh pairs via the subprocesses-ccs or b—ccd. The re-
in MeV/c?, annihilation of the finalcc pair can lead to an effective
2We shall use spectroscopic notation®>*!L;, where n
=1,2,3... is theradial quantum numbeS=0 or 1 is theQQ
spm;L=S,fP,D, - (I.=O,1,2 cl) |.s theorbital angular momen- Mass (MeVbz) T (MeV) T (keV) B(DOBO) B(D*D")
tum; andJ=0,1,2 . .. is thetotal spin.
SFor later discussions of mixing due to coupled-channel effect769.9-2.5 23.6:2.7 0.26-0.04 58% 42%
see[11].

TABLE |. Properties of the)”= (3770).

0556-2821/2001/69)/0940026)/$20.00 64 094002-1 ©2001 The American Physical Society



JONATHAN L. ROSNER

TABLE Il. Comparison of transitions)”— yx. under the as-
sumptions of a pur&wave orD-wave initial state. Coefficient€
are those in the expressioh) for electric dipole transitions.

Final ) Pure3S; Pure®D,

state (MeV) C T(P,)IT(3Py) C T(CPY)IT(Py)
3P, 338 1/9 1 2/9 1

3P, 250 1/3 1.22 1/6 0.30
sp, 208 5/9 1.16 1/90 0.012

—s or b—d penguin amplitud¢19,23—25, which appears
to be needed in understanding large branching ratio8for
— Kz’ [26] and B— K. Moreover, Suzuki22] has pro-

posed that this reannihilation, at leasti# decays, is asso-

ciated with a large final-state phase. We discuss implications

of this suggestion foCP violation in B decays in Sec. 1V,
while Sec. V concludes.

Il. RADIATIVE " DECAYS

The relative branching ratios for radiative decaysyto
(1%P,) states are very different forand 1D states. The
observation of radiative decayg’— y+ y. can determine
the degree to which the” is mixed with anSwave state
[5,7,13-15.

The rates for electric dipoleE1) transitions in quarko-
nium can be written

= %eéawe’C(r)z,

D

where e, is the quark charge(in units of |e]), a
=1/137.036 is the fine-structure constaat,is the photon
energy, andr) is the matrix element af between initial and
final radial wave functions. The coefficien® are summa-
rized in Table Il, where we compare relative rates Eir

transitions from¢” to x. states under the two extreme as-

sumptions of a pur&wave or a pureD-wave. The distinc-
tive pattern associated with the put®, configuration is a
ratio B(y+ xc1)!B(y+ xc0)=0.3 and an almost complete
suppression of the ratiB(y+ x¢2)/B(y+ xco)-
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Iy —e*e”)
= —2 : (0) = —=—si 1p(0) 2
Cos¢R singR ,
MZW 28 22m? '

4

where e,=2/3, R,(0)=(4m)Y¥,4(0) is the radial B
wave function ar =0, andR}(0) is the second derivative
of the radial D wave function at the origin. The
values R,5(0)=0.734 GeV? and R|;(0)/(2y2m?)
=0.095 GeV? were taken in Ref[15]. Assuming a com-
mon QCD correction tay’ and” leptonic widths, we then
fit the ratio

M3 I(y" —e'e”) |0.734sing-+0.095c08p|?
M2I'(y'—e*e) |0.734cosh—0.095sing|

=0.128+0.023, (5)
with solutions¢p=(12+2)° or ¢=—(27*=2)°. These val-
ues agree with those of Kuang and Y&@8], whoseé is the
same as our ¢. As they note, the smaller | ¢| solution is
consistent with coupled-channel estimaf29,30 and with
the ratio of ' and ¢ partial widths toJ/ .

A nonrelativistic calculation along the lines of R¢fL3]
then yields the following predictiondl5]:

T ("= yxco) =145 keV codep(1.73+tane)?,  (6)
I'(¢"— yxc1) =176 keV codp(—0.87+tang)?,

(7)
("= yxe2) =167 keV codp(0.17+tane)?,

(8)
T (' — yxco) =67 keVcodp(1l—1.73tang)?,

9
I'(¢'— yxc1) =56 keV codep(1+0.87tang)?,

(10
T (' — yxc2) =39 keVcodp(1—0.17tang)>.

(11

A more detailed model can be constructed by assuming

that they” is a mixture of a D; and a 2S, state[15]

|"y=|1D,)cosp+|23S,)sin ¢,

ly')=—11%Dy)sinp+|2°S;)cos . 2
The leptonic widths ofy” and ¢’ are then27]
[y —e'e)
4a2e§ NdRys(0) 5 RY(0) 2
= sin + ———Co0s¢R] ,
i,, d’ 2S 2\/§mg ¢ 1D
()

Other predictions are given, for example, in Re1]. Zhu
has apparently neglected to take account of relative signs of
Swave andD-wave contributions in the first three of the
above equations when presenting his results for mixed states
(Fig. 1.6.2, Ref[5]). For small¢, as suggested by thg’
and " leptonic widths, the experimental rates for tiié
radiative decays are about a factor of three below these pre-
dictions[9], probably as a result of relativistic corrections
[12,32. The ¢’ decays are expected to be particularly sen-
sitive to such corrections as a result of the node in tBe 2
wave function; it is possible that thg’ predictions could be
more reliable, since neither thé1nor 1P radial wave func-
tions has a node.

Results fory” radiative decayg5], for o(e*e™ — ")
=¢g(y")=5.0=0.5 nb, are
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TABLE Ill. Total widths, branching ratios, and derived partial widths 36y and 4" decays.

Decay mode J/ decayd 9] ' decayq33]

[=87%5 keV [o=277+31 keV[9]

[ee=5.2650.37 keV [ee=2.12+0.18 keV[9]

B T (keV) B T (eV) T pred (8V)
p (1.270.09)%  1.16:0.10 <2.8x107° <8.6 443+ 63
K*K*~(892)° (0.50+0.04)%  0.44-0.04 <3.0x1075 <9.2 17724
8Based on prescription given in text.
bplys c.c.
("= yxeo)=510+190 keV, (12 higher-mass)’ into low-multiplicity final states such gs.

Then we expect for any hadronic final stétgl7,22,33,
T('— yxe1) =440=160 keV, (13) roy)
T =) =T p— 1) . (15)

(/' — yxe2) <520 keV (90% C.L). LeeJ14)

14
(149 This relation has been used to predict the quantlifigsyin

These partial widths scale aso{#”). So far it does not Table lll. One sees that’ — p is suppressed by a factor of
seem possible to reconcile the central values of these resul@ least~50 with respect to naive expectations, while the
with the values ofp suggested earliérThe model for mix-  corresponding factor fok *K*°(892)+c.c. is at least- 20.

ing betweeny’ and ¢’ may be oversimplified, and relativ- ~ Suzuki[22] has proposed that the coupling ¢f to vir-
istic corrections undoubtedly play a role. Nevertheless, théual pairs of charmed particles could provide an amplitude
above results bear revisiting with improved statistics. Thewhich interferes destructively with the perturbative QCD
search for a 338 MeV monochromatic photon in the decayprocessy’ — 3g in the specific cases gf7 and KK* (892)

of the " would represent a worthwhile first step in the de- +c.c. hadronic decays. If this is the case, and if virtual
termination of this interesting resonance’s mixing param-charmed particle pairs also play a role in mixig¢ and ¢,
eters. we would expect a similar amplitude to contribute ¢4

—D®ID®) - par or KK*(892)+c.c.

Ill. MISSING MODES OF THE ¢’ In the absence of a detailed coupled-channel analysis, let
us assume that the main effect ¢h and¢” of their mutual
coupling to charmed particle pairs is precisely the mixing
discussed in the previous section. Let us assume that this

F. A. Harris[33] has summarized a wide class of hadronic
decay modes of the¢’, measured by the BES Collaboration
at the Beijing EIectron-Posnr_on ColhdeéBEPQ, which ap- mixing and the couplings ofy’ and ¢ to pw and
pear to be suppressed relative to expectations. Of these th , .

K*(892)+c.c. are such as to cancel thg hadronic

foremost is thepw final state, withK *K* ~(892)+c.c. in idths to th final statdw/hich lnted t i
second place. Let us review the expectations and the data fﬁ(" s to these final statgwhich are related to one another

— fl SU3)]. In thi h
these two modes.The decayy’ —K°K*%(892)+c.c. has y flavor SU3)]. In this case we have

been observed with a branching ratio of (8244 (prrlw’>=(p7-r|2381>cos¢—(p7-r|13D1>sin¢=0,
+1.6)x 10 ° which indicates the contribution of a signifi-
cant one-virtual-photon contributiqi8,19,24, and we shall (pm|y"y={(pm|23S,)sinp+(pm|13D,)cos¢
not discuss it furthet. 3 ]
We summarize in Table Il the total widths, branching =(pm|2°S;)/sin ¢, (16)

ratios, andgerived partial widths fdf« and ' decays into so thatthe missing# (and related) decay modes f show
pmandK "K*(892)", as well as the partial widths predicted 5 instead as decay modesf, enhanced by the factor of
for the ¢ decays to these final states. Both hadronic and /sir?¢, The possible effects of this enhancement are shown
leptonic decay rates are proportional to the square of thg, Taple |V for the two solutions forg. One expects
wave function at the origifW(0)|?. Although one might B('—pm)=10"* for ¢=—27° and =4x10°* for the
expect an additional factor of /2, whereM, is the mass

of the decaying vector meson entering into the leptonic TABLE IV. Predictedy” — pr partial widths and branching ra-
width, we shall ignore this effect, since it is probably offsettios for two solutions of mixing angle.

by a (form) factor suppressing the hadronic decay of the

¢ (°) —27+2 12+2

1/sirfé 4.8+0.6 22+ 6
“The solution with¢=12°, favored by coupled-channel calcula- T'(y"— pm) (keV) 2.1+0.4 9.8:3.0
tions [29,30, predictsT'(¢"— yxc(012) =(524,73,61) keV, im-  B(y'—pm) (10 %) 0.9+0.2 4.1+1.4

plying that they.; signal of Ref.[5] should not be confirmed.
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favored value ¢=12°. Either branching ratio is other groups using direct measuremg3it—40, whose av-
compatible with the current upper bound3(y”  erage | find to be 8:80.7 nb?> This possible discrepancy
—pm)<1.3x10 3X[5 nblo(y")] [5]. was a factor motivating the studies in R€fs,6]. Those and
An alternative mechanism discussed by Suz@d] for related searches need to be performed with greater sensitivity

introducing an additional nonperturbative decay ampli- and with off-resonance running in order to determine back-
tude is mixing with a vector glueball statfirst discussed in  9rounds from such processes ase™—y* — charmless
the context of)/¢ decays[34]). In this case the)” is per- hadrons. In any event, the search for the “mlssmg final
mitted, but not required, to mix with the vector glueball, so States” of they’ among the decay products of the is a
there is no particular reason for the missing partial widths fof€@S0nable goal of foreseen studid$
¢’ decays to show up as correspondifiy partial decay
rates. IV. IMPLICATIONS FOR B DECAYS

| ggzgcaangf\mey?rizglsh;\ieoP:Jposrigstehdat;:g tthha[f?r;e A key observation in Ref[22] with regard to the addi-
g/u y & : Supp! ' tional contribution to)’ hadronic decays is that it is likely to
¢’ decays to hadrons ms_tead mainly via a two-step Proc€SFave a large final-state phase, in order to interfere destruc-
involving an intermediatec('P) state. Feldmann and Kroll - tively with the pertubative § contribution in thepm and
[21] have proposed that thé/y—pm decay isenhanced  * (892)+ c.c. channels. If this new contribution is due to
(rather than’ — par being suppressedy mixing of theJ/ss  regcattering into non-charmed final states through charmed

with light-quark states, notably and ¢. Both mechanisms 4 icle pairs, it is exactly the type of contribution proposed

do not imply any special role fog” charmless decays. Ar- in Refs.[19,23—23 in which the decaﬁ—fcgor boccd
guments against them, based on data summarized in the last B

of Refs.[17] and in Ref.[33], include the appearance of contributes to a penguin amplitude with a large strong phase.

certain unsuppressed light-quark decay modes offthand Several implications of this possibility were reviewed in
) e . [19], and others have been pointed ouf24]. These include

the lack of evidence for helicity suppressionJdhy) decays the following:
involving a s!ngle virtual photon. . (1) The semileptonic branching rati§(B— Xlv») can be
' As Suzuki has,noted, the cases of _suppresse_d. hadrOntll‘l;minished with respect to the theoretical prediction if the
final states of the)’ cannot extend to all its decays; indeed, , . — —
the total hadronic width ofs’ exceeds estimates based onP&NgUN amplitude leads to a net enhancemerii-ofs and
extrapolating from thé/ using perturbative QCD by some b—d transitions. The enhancement need not be large enough
60—70%][22,35. The non-perturbative effect of coupling to to conflict with any experimental upper limits on such tran-
virtual charmed particle pairs, followed by the re- sitions, which are in the range of a few percent of Bll
annihilation of these pairs into non-charmed final statesgecays41].
must thus be responsible for some tens of keV of the total (2) The numbem, of charmed particles per average
width of the ' in Suzuki’'s scheme. decay can be reduced by the reannihilationcofto light

A corresponding effect in the decays of ti#&, which is  quarks. The degree to which this improves agreement with
about 85 times as wide as tkfé, would contribute at most a experiment is a matter of some debd#®], since a recent
percent to its total width. Present searches for non-charme8LD measurement[43] finds n.=1.238+0.027+0.048
decays of they” [5,6] are not sensitive enough to exclude =0.006, closer to theoretical expectations than earlier values
this possibility since they did not compare on-resonance datgi4].
with data taken off-resonance at a sufficiently close energy (3) The enhancement of the inclusive branching ratio
[36]. B(B— 7' X) [45] in comparison with theoretical expecta-

A related method allows one to estimate the partial decayions[46] can be explained.
rate of 4" to non-charmed final states. The branching ratio (4) The required additional contributid6] to the exclu-
B(Jlp—pm) is (1.27£0.09)%. Since about 1/3 dff 4 de-  sive branching ratio88(B—K»') [45], in comparison with
cays can be ascribed to nog-3nechanisms, we expeptr  the penguin contribution leading t8°—~K*z~ or B*
to account for about 2% of afladronic J ¢ decays, and thus —K°%z*, can be generated.
no more than this percentage ¢f hadronic charmless de- (5) In anyB— K7 process in which the dominant penguin
cays.(The availability of more final states undoubtedly re- amplitude interferes with tree-amplitude contributions, nota-
duces thep fraction in comparison witll/ s hadronic de- bly in B*— 7K™ and B°—K* 7 ~, a CP-violating asym-
cays) We thus estimate for hadronic charmless decaysnetry can occur up to the maximum allowed by the ratio of
B(y")=2x10 42%=1%, again give or take a factor of 2 the tree to penguin amplitudes’ magnitudes. This asymmetry,
depending on the sign @f. This is consistent with our pre- estimated to be about 1/3 in R¢L9], is not yet excluded by
vious estimate. experimen{47]. The enhancement of the penguin amplitude

It is even possible that we have seriously underestimatedy the intrinsically non-perturbative charm rescattering
the role of non-charmed final states in hadrogiicdecays. If  mechanism seems to fall outside the purview of the essen-
so, there is a chance of reconciling the smaller cross sectiatimlly perturbative approach of Ref48], so we would not
for e"e” — ¢ measured by the Mark 11l Collaboration using
a comparison of single-charm and double-charm production,
o(y")=5.0+0.5 nb[3], with higher values obtained by °The same average was found[B without the data of40].
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expect to encounter it in that treatment.

The charm rescattering model for suppression yof
—pm and related decays has @opriori necessityfor the
final state phase to be larg@2]. Additional evidence for

PHYSICAL REVIEW D 64 094002

V. CONCLUSION

The coupling ofy’ and " to charmed particle pairs can
lead toS- and D-wave mixing, the distortion of the relative
branching ratios of the)” to y+ x. final states, and the

such a large final-state phase in closely related procességppression of some decay modeg/ofand their appearance

would be the presence of large diréeP-violating symme-
tries inB*— 7K' andB°— K™ 7™, with similar expected
asymmetries for the two procesdeXt,25,49,5Q0 Since the
processB* — " K? is not expected to have a tree contribu-
tion, we expect it to have a much small€P-violating
asymmetry. Present dafd7] are consistent at the level of

instead in products of thg”. If ¢ to y+ x.» IS observed at
a branching ratio level exceeding a couple of parts ifi, 10
this will be evidence folS- and D-wave mixing, while the
branching ratio fory” to y+ x IS expected to be a percent,
give or take a factor of 2. A similar branching ratio is ex-
pected forhadronic charmless decays af”. This picture

provides a rationale for large observgdegpenguin ampli-

10-20% with vanishing asymmetry for all three processestudes inB meson decays, and would be further supported by

A(K*7r7)=—-0.04+0.186,

AK*7%)=-0.29+0.23, A(Kgm")=0.18+0.24.
17

the observation of large dire@P-violating asymmetries in
the decay88™ — 7°K* andB°—K ' 7.

Note added in proofMore stringent limits have now
been presented, e.g4(K*77)=—00.7+0.08+0.02[51]

?n(} AK* 7—*K* 7% combined =0.003"5152"0-011
52|.
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