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ABSTRACT 

We discuss charmed meson production through two body 
processes in e+e- annihilation. Evidence for states of 
charm exci tation beyond the D* is ob~ained through ~n 
analysi's of the' recoil ,spectrum agains,i: DiS produced at 
Ecm = 4,.415 GeV. Direct observation of the reaction 
[1.+.+ 11+00 in SPEAR data taken at Ecm exceeding.S GeV 
will then ~~ discussed. This reaction provides an ex­
tremely accurate determination of the 0"+,00 mass dif­
ference, '(~fO*+ - MOO .. = 145.3 :!: 0.5 MeV/c2) and, a 'new upper 

limit on '00 _DO mix'ing' effect~~: The results of fits to 
the DO ,[)+ recoi!.vspecuum will then be discussed. These 
fits provide,considerable information on the'masses, pro­
duction mechanisms. and decays of chaTDIed mesons. This 
will be followed by a brief presentati,?n of the kn~n 
cross 'sections for charmed, m'eson production and decay and 
an,!lnalysis of possible resonant structure in the decay 
products of:thePO and 0+. Lastly , we, discuss a bubh Ie 
chamber D0 candidate submitted br Hagopian eU at., of 
Florida State Uni versi tr,: ... :::., 

PRESENTATIO:'oj OF' QlARf.1 SIGSALS 

LBL-6723 

~fuch of this talk describes data from the SLAC-LBL coll:Jhora­
tion's ,experiment on e+e- annihilation conducted at the Magnetic 
Detector at SPEAR. Fig. I shows a schematic of the Hagnetic Detec­
tor. ~bruentuffi'measurement is afforded bY,system of two prop~rtional 

,chambers and four wire spark, chambers which cover, the polar angl e 
region leosel '< 0.65. MoirientUlli ies(jlutionis,approximaiely I.:!i 
at I GeV/c., "Particle ii:lentification,is achieved 'using.~im~-of~, 

'flight info'rmation provided hy a cylinder of' 4Sscintillation coun­
ters.;place!\ at a radiOS of 1.'5 m. 'TIlis' system has a R.~I.S. time 
resolution \>f 0.35-ns over a flight path'of 1.5 to 2.0m. 
',UnlesS: 'hthcndse stated, the data sample consists' of 29,000 

'hadrciliic events (I. =1830 nb-1)-collectedin anon-uniform scan from 
3.9·to'4.6 GeV,cellter-of..;mass energy '(Ecm) IAind :two high statistics, 

,monoenergetic samples collected'at Hcm = 4.028 G('V and Ecm = 01.415 
GeV of lumjnosity' L ,: 12BO nb- 1 and 1630 nb- 1 respectively. The 
sClln data was the data set in which charm was originally discov­
ered. 1 Subs('lju('ut to that r('sUlt, the SLAC-LBI. collaboration 

*This work was dnne with support frulD the u.s. Eneq~y Research and 
Development Administration under th(' auspices of thl' Divisioll of 
I'hysical Research., 
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devoted: a ~onsiderable.po~ti~n of their remaining running to collec-
··don of data at thc,:two IIIOstpromin~nt peaks.in .the R = OHad/OIlIl plot 
sh~n in Ffg. 2. "\.' ,... . ..' . , 
. .., Fig~. 3 shows the KlfWlf. "1Iir" and Kw- invat:iantmass distribution 
for the complete data with Ecrn = 3.9 to .4.6 'GeV. Each signal I)as a 
w~dth compatible with the resolution of its particular channel ~ In 

. Fi'g. 4 we:P!E!sent .i!vidence for a Ks1l+1I- decay mode· for the new neu-
. tral·lleson. '.The kaons ,of Fig. :3 are selected 'by a simple trac:k iden­
tificational.gorit;hm based 'on time-of~£light inforniati~n. The meas­
ured tinie,;"of-£li.ght ·for a given track is, compared to the flight time 
expe~t~d'under .thep.ion and hon hyp.othesis. ,nleCxpe~ted fI igh t 
tille"1s "<:omputedfronf the· measured mamentumand reconStructed fl ight 
paih'. T9 be tagged as a kaon, the tra,ck musi, haye a night time more 
eonsistent,wlth the kaon hypothesis than the pion hypothesis, and 
the )(2 fiirthat hypothesis' cannot exceed 3. I f eit~i:er requi rement is 
:nol~fed~: or,:no time-of-flight information is .av~Hable, tlie prong 
is t~ggeiJ;IS a pion'. '. . 
, ~'The.·,Ks's of Fig. 4 are selected by an invariant mass cut. coupled 
wi th','a geom~tric •. vertex CUt: 
, . :,Beforediscussing the, recoil system against these new mesons. 

we bt:iefiy list the evidence linking these partiC:les to the (DO .0+) 
!:ha1'll!ed' isodoublet •. As' pt:evi.ously mentioned, ihe new mesons were 
discovered in e+e- annihilation near 4'.1 GeV center-of-mass energy. 
If one interprets the psion family--the !II, !II' and 0/1" (4.4151--a5 c:; 
bound states, this would be prime hunting ground for the charmed· 
mesons. One would expect to find tharnled mesons ri ght after the 
onset. of the last narrow resonance of the psion, i.e. directly after 
the ,,'. 

The tnie C!armark of charm is a tendenc:y for charmed isoJIlub It>t 
states' to decay into final.states containing a ).,aou. We sel' that all 
thre.e of the neutral meson's observed decay modes involve kaon,;. ,he 
observed decay mode !Jf the cha~l!ed meson into ~- ... +,,+ providl's ;J 

particularly dramatic demonstration of the .GI~I-mechanism whi.:h 
c:a~sescharmed mesons·to decay into·hons. -Here the Cabiblio enhann·J 
dec;:ay modes for a state of positive charge and ctiarm are into s-.:ates 
of'ilegative'st'l'angeness. Such f~,.~l states are labeled'exotic:, . 

'Since,' ifiher 'were due to- the strong decay of a ~ew state, thl' 
sta~e' C:Ol.lid·. not be consfructed from a quark-and quark pai r (I f the 

-'CPDveDtional u"d,squarks. As we shall demons'trate shortly, hc,th 
·th~~haTg~dan,d!leutr.31 states "appear to have 'states of equal 01' 

'grellter,mass'reco,iIi~g agai'nst 'them, Such aSsociated production 
lito~da."e··feql.li red·, fo:r a state po~sessing a new quant!lRl numbcr ('on­
'~ei,ved,by- -(hI;! electromagnetic lan.d, strong) inte .. -a.:tion. Lastl-}',:l 
s~i..dY:'of:the 'K+1f±1f±, Dalitz 'plot provides evi<\cnce fOI' p:nity viola­

-don' in .tlle' di:c;IYs of the li,,:W me'sons, by much' thl' same reason i II!; 
:a:S .. fheT~Ei·pu:zle of ille mid 50's.3 . . 

. ::.' Having prescntl;!d a quick revicw of thc ('videnl'c linking th~ 
new mnso.ns to ·the (DO,D+) c:lml"med, isodouhlet, we will aSSllllle that 
ide!ltification throughout tlu: J'emainder of this t:Ilk. 

" . ~' 
A QUALlTA'l'IVIi LOOt: AT 'mli 1U:C;OI L SI'I:LTRlI~1 AGAINST CllAll~IElI ~mSONS 

o • In Fig. Sa, b, and Ii we show the recoi I spcC'tnlm against the 
, .(1'.)0 (.1865) ,the (K311)0 (1865), and the (K2IT):! (1875) for thc data .. . ~ .'" , ' . ..' . . ' 

'~ ".. 
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,collected from Ecm = 3.9 to '4.6,GeV. In Fig. 5 we require thl' K~lI~ 
and K+,ir'tll+lI- invariant mass: to' I ie from 18::0 to 1900 MeV/c 2 , and 
're,quire the K+1I±1I± inv,arioiilt mass to lie' from 1850 to 1910 ~lcV/ c:!. 
All' three 'spectra are sUbt.r.actcd sI1ectra, computed with--a fixed 00 
mass of J'865 ~leV/c2. For the neutra.1 meson, the backgrounds arc taken 
from~ adjacent regions of the K'Ii and K3ir invariant mass plots, 1~lli Ie 
for the K211, 0+ si gnal, w .. use a backgroun'd taken from the non-exotic 
K1I1I system subject to identical cuts' in inva~iant mass. 

Approximat~ly 60~. of the leg~ timate no .. "-lI+ candidates wi 11 be 
classified as lIl1, or KK by the time-of-flight tagging system, owing to 
our finite time-of-flight resolution. Experimentally, such misiden­
tified DO candidates can. be easily foun·d because they create narro~ 
reflection peaks in the KK and 1In invariant mass plots. Except for 
negligible differences in ,the energy loss corrections for pions \'s. 
kaons, the D° momentum w,i 11 be, correctly measured for these ref1~c­
tion D0 candidates. Thus they can be easily entered in a recoil mass 
distribution if the recoil mass is computed with a fixed D° mass. 

AU ,thre!! recoil spect'ra show evidence for sharp, recoi I peals. 
indicating that charm production oci;urs primarily through, two-hody 
production processe's for the energ'iesunder discussion. Thcs(' peaks 
appear at nearly thl' same recoi-l miiSs for all three signal!;, but the 
area ratios are quite di fferent for the charged versus the nl'ut ra I 
recoil system. . 

The peaks shown in, Fig. 5 appear to represent charmed meson pro­
duction via the neutral ,and charged versions of: 

, e+e- .. 00 Reaction (1) 
.. 00* + DO* Reaction (2) 
' .. 1l,*,D* Reaction (3). 

For 0 masses near 1870 MeV/c2 a~d 0* masses near 2010 ~le\'/c2 CIne ex­
pects renection peaks due to reactions 2 and 3 to lie at 2010 and 
2150 ~leV/c2 respectively., _ 

The sharpness of the peak ascribed to 0*0* production 'indicates 
that D*'s can ~ascade to D's via pion emission as expected for a pair 
of mesons which carry a common conserved quantum numher. "4uantita­
tive analysis of the recoil spectrl~, which we shall discuss later, 
shows evidence for 0*0 .. DOy a!i wt!ll, occurring at a rate comparable 
to D*O ... lI~DO. . 

In rig. ,6a we present the "1'11" recoi I "spectrum fClr dat:1 ,col" 
lected at ,Edl ,,; 4.028. l11e solid curve··of !'ig. lIa gives the expec­

,ted shage' of .the 0° rccoi 1 system for Reactions (2) ;lIId (:I) where 
0.0 ... 0 liD. "lie have computed this CUl"\'e using a nominal 00 ,0. 0 mass 
of: 1865 and' 2005 ~1l'Vlc:!' and have adj usteJ the 'Iieaka rcas to crull,'l y 
match the data., ' , 

The interpretation of the second, peak ncar 2150 ~lel//c2 as a 
kinem,~tic'rcflection of Reaction (3) may appear surprising in .light 
of it.s;,n!lrrow,width. Ail alternath'e intcrprctatioll i~. that thi:s 

, . peak is due to thl" pto'.!uctiori of a higher mass l'Ilarml'd st;lte ';It 
2}50 ~leV /c.2 • l'hi S i nterl,rc't:1t ion is cont r;lJic h·J. - hni<eller. hy thl' 
data of Fig~ 6b, which shows thc DO recoil spel'trum at'ficm = 4.415 
CeV. 1'he solid curvc again gives the positions ,ofpcaks due to 
Reactions (2) and, (3) • I~ellote. that the peak that was at 2150 
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"~V/c2;in Fig. 6a has'shifted to 2200 MeV/c.2 .This is what .would be 

expect,'d:-JolO: a. reflection of Reaction (3), whereas a ·new resonance 
at .2150 nel{l~2 would not be expected to change position when the 
center!.of...;iDass energy changes. . . . . 

'. We .note·~:the' presence' of an enhancel1lent at 1440 MeV/c2 in the 
. l1!coil;.!jpe'<p·um obtained at Ec:m = 4.415 GeV .• The solid curve of 

Fig. 6b'-repfCsents this enhanceme~t.by a Gaussian peak centered at 
2440 HeV/c2 wi.th a width of a = 50 r·teV/c2• Such an enhancement 
may· be: due ',tg .miii tibo~y chal:'lil production such as e+e- -+U'"O'"'II, or the 
formation o'f' a new, higher.-mass charmed'· state. 'Higher mass states 

.are expecttid in the charm theory.: but since thi'S4eriliancement can be 
tolerably fit by a multipartic1e phase space Pf9ntci Carlo, we cannot 
p~ve ihat such'new states exist. • 

DIRECT OBSERVATlOS OF:()*+ -+ D0'll+ 

. Up to this point, ou~ evidence for. the exis't~~ce of the D* comes 
through the'observation of structure iii the Do and 0+ recoil spectra. 
In·this section'we Idll present direct evidence fOl·. t:.(' existence of 
the OOi+' by constructing its .invariant· mass from the' 1(-,,+'11'. fi:nal 
state obtained via' the sequence. pH -+ ';r+DO; DO ... "-'11+. Because of 
the lo.W·Q value for the reaction D*+ .... '11+00, the cascade pion 
essentially.moves in the Magnetic [)etector Frame with·the same 
velocity as the D*+, ·and hen'ce has only 7%' of the D*". momentum ~ 
[Le. P,r+=(l.f'll+/MO*)PO*]' 'Because of the 4 kG magnetic field of 
the SPEAR f.lagnetic. Detector, particl£os havin~ momentum less than 

. ",70 MeV/c. wi)l escape detection;. hence, in order 1:0 observe the n+ 
from O~+ -+ '11+00, one .must operate whL.e 0*+ momenta' exceed J Gerl c2 • 

For this .reas·on, the data reported in this !'ection come from data 
coHectedat center-of-mass eneJ;'gies from 5 to -;.8 Gel.'. 'Th is 
sample'. represents a total integrated luminosity cf 17,000 rib-I . 

.' Figure 7 shows the 1.:11 invariant mass 'di stribution for nt'utral 
Kif pairs with..'~11 momentum exceedin~_1.5 GeV/c. in this analysis , 
we employ a previously .described tim~-of-fIight weighting algorithm" 

, .. P1!~.e:rtlianth.e trilck t~gging algoi-1.thm described in the first sec­
'tion.Uiidei·-·fhisi:weiglitingtechnique.;,each .track :is assigned weight 

. for being apton, . ;kiion, ~and proioil ;;c'olrip'utE;d froili . the. 'measured t i rne­
of~'flight'i:~t,aiicfth~ tiui~,::of';' flight : expected Trfrom the measured 
lIO~ntpmand,.tf1 ight· path ,'under th~ giVen mass 'hypoth~s is. 'The 

:: weigh t! is compiited vi a . die expression. '. 

'. ;" 'i '~ir t,; ill 
With'J~~ 'n-onrialized such that: t Wi ='1. One can theli constrllC! 
.... . ,.1: . '. i=IIKp·. 

Illstograms; say the Kif invarian.t: mass histogram, by entering a 
. giY~~~~~l!tr~l; .t~P.:,gro}.lg :c.:om~,j.nat~oll~it~ :J w,ei&~t ,gj VC'1l by. I~~I~~. 

; -Th;e5am~.'two-prong cOmbinatlOn \10111 _enter· the ,h~stogram again undcr 
'. 'th~/as·su.inptio{ithat"113rt:iclc 2 is the kaon and 'particle I is the 

:plon/wlth a nl~.111 wcightI1!W~. ','. . 
":':.' -~. ·.···.··,.·'sW~,);'~c,·clear ev·idencc: for ,high .momentum D.O pro.luct iOIl in the 
';:.'::'.; .... ::.;.~ ;~at:~"C:il:;fig;7~, In fact thcsiCllal to badgroulid ratio is improved 

~~~;~~·~d~~:~~;~<~~:~~;~,~ .. ~~;;~/ <,~<;i::~~C.~,.~·J :~ :;.. -. . .-
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_. by requiring PKIJ > 1.5 GeV. The signal of Fig .. 7 is considerably 
broader than that 'of Fig. 3. ·This., broadening i~ due to .the c.ffects 
.of K1I' 'interchange in' the· calculation of the· Kn' invariant:'mass·c•·· Fa'!"·,; 
OO's':with:'inomenta exceeding·l:5·GeV/c2 sucli Kn interchange··cim shift· 
the, compilted Jen invariant IDllSS: by· over 200r.feV/c2 • . , : 

"".' In· Figs. 8a and' b we :shohcthe D°ir+ and D01f;"invariant mass ploi'.. 
Because t~e cal.cuiat:ion' of ~'oo.n± is dominated by the mass tha>.: on~ 
assumes 'for.theOo. • we"pl~t.Mi!o.n:!; ..... 100. rather than Moo.n:!;. For this 
plot we· require a D0 candidate to have a·Kif invariant mass from 

. 1820 to 1910 McV/c2 • This mass cut is considerablY narrOwer than the 
signal see~in ·Fig. and·hence tends ,to exclude D0 candidates with 
transposed.pion and kaon. 'A clear peak is seen in the'Oo.n+ mass 
difference· plot (Fig. 8). at a MOll - ~ID value of 145.3±.5 ~leV/c2, 
Using a nominal DO. mass value "of 1865 ~leV/c2 we find this peak cor­
responds to a \10-+ mass of 2010 ~leV/c2. I~e also see that the signal 
resides in essentiallY three 1 .~leV/c2 bins. The width of the' signal 
is completely consistent with the reSOlution of the ma'gn,<;!tic detcc­
tor ands!,!rves to set ~n upper .1i'1'i t on the natur!!l width. of the 
OH (and'Oo.lof T <2.4' MeV/.c2 ·(90~. CLl. By"comp'aring the a:iiount of 
D0 signnt.in Fig. Sa ltith the'number'of events in the 'peal( of Fig, "7. 
and' t",ing into account the Oo.lT+ tletection efficiency. 'we estimate 
that 2S±9% of all DO. 's produced; with 'Ecm from 5 to 7·.8 GeV and having 
Jll)inentuDI.exceeding 1. S 'GeV coine {ro:n the reed-down process '0*+ - n+O 

LIMITS O~ \1o._fio. mXING EFFECTS 

The observation 'of a strong 6*+ sign'sl in the' 00.'11+ in\'ariarit 
mass distribution of Fig. 8a. and its abserice in the [j0,,+ 'imiariant 
mass plot of.Fig. Sb. can be used to set limits on the presence of 
possible,1) -0 mixing eff~cu. a· .topic 'realizing considerable popu­
larity in the liter3!=ure.:' . Barring the presence of first-order. 
neutral' lAc! '" 2. weak current.s. mixing ",ouid proceed \'ia'virtual 
Cabibbo suppres5E'd intermediate states, such as D0 4 n+n- .. DO. and 
hence mixin!! ampli tudes would he on the ordt'r (1f taI1~"Cabibbo. If. 
on the other hand, first order It.CI' = 2 neutral currents exi,;ted. 
DO-fill ,mixing might be nearly complete (Le, the characteristic- tim\." 
it would:takea D0 to mix into a, ~o. would be conside'rablr shortt'r 
than the D0 lifetime) .. ' ..' .,>"" v' .: 

: ,ThI:!'d!l~a.;Ofi.Fig. II clearly rule: .out CO'm~lete 'iiiixing-whercon(' 
would expect to see' many. ch;lT~ed 0*'5,in a'n K:+"n- (lIi6'S) plot as in a 
n":K-1I+ ·(l865) invariant mass histograni. A quanti tat) ve measure of 
th.e,possible mixing. effects' is provided by ~he mi'xing ratio wh i ch 
we define as: -.' , .... ' '1. ;' . . .' 

. :N~O,*.": :+1C+,,-n1'}:: " 

Fr~ = N(O** ~'K'+IJ-1f+} + N(U*+'''':''K~ir+n+) 
-. -- -' '. ,-t-' '-,--

. where ;the: underlined pa'rticles ~re required·to"be- co~siste~t"l~i th' 
00'5 (o:r'D's); We ,find .38'events·withhl :!;2'S'!~leV of.t'he·'p.eak'jn 
fi~r; ~a:~aiid qevelltswith~;n' t,he ''Peak of Fig.·81,~: 'Uerewf cOlmf'any 
combination"with a :welghtgrpater than, 0; l' as iln' e~('nt'.·, 'After :im­
posing the additional ·time-=of-flight requirem~ntthat the;',~rlibiibi1j ty 

'. '.,.i 

,. 
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th!l.t· tilo' K' ~n~. ~.: C'~~l'ik'i~8' the DO or (D-.oL havel been· correctly 
i4eritified is at lea,st three timcst!1e probability th;at tlley have"· 
been interchanged; the 3B.-.events drop·to 26 cvents.but the 11 evcnts 
drop,t!» only 3. lhese later.,l events: are c:onsiStt-mt with comiJig from 
un~nown background and instrurilental effects.. We. eltpect .. l.4 events 
from background (i .e. -uncol'rda,ted) particle·. combiJ:liitions and 0.6 
events· from r~~idu!1-1 1!:1I interc~ange. Thus at the 90~confidence 
lr.vel we find f~t'< 16\.. :. . . 

-: It is .of"ipterest 'tocompare thi~ .measurement of 9~-DO mb:ing 
effects to'an:,eaw:ly measurement, reported by Goldhaber. based on the 
limits fOr apparent:strapgeness violating eventsipvolving Kn (1865) 
production .. Usingthe time-of-flight particletagging'technique 
disciaSsed. earlier •. lIIC find 77 events. in our total data sample 
l.9<Ecm <'4.6 GeV with a Kn (1865) candidate and.an additional 
kaon in. th~ .recoil system •. These \(aons have the opposit'e charge in 
62 of. our 77 events. and like charge in 15 of the cvents. After 
correciing f01; the '39'1. background underneath the K1I signal we find 
that. in. IZ~9% .of .the two kac!O events containing a DO the 'two kaons 
have like ,c:h~rgc.· This value is 4.2 standard deviat.ions away from 
5~', th,vsiue,expected for complete DO-D 'mixing. One expects a like 
charge ratio of·ll\ .from time-of-flight particle misidentification, 
as determined by a f.!onte Carlo simulation predicated on no DO_DO mix­
ing. After correcting fOJ; the effects of track misidenti fication. ~e 
find th2t less than 18\ of events containing a DO exhibit strangeness 
violation at the 90% confidence level. ' 

The exact relationship between these two measures of DO_DO mix­
ing depends in detail on the mechanismS for D~ production over the 
data sample employed to measure the apparent strangeness violation. 
In particular., certain production mechanisms should exhibi t rather 

. striking interference effect~ as detailed by Kingsly. B Although we 
have performed a relatively detailed analysis of D0 production ncar 
Ecm = 4.0l .GeV. we lack the data to do this o\'e-r the full data 
sample froiD :3.9 .• to 4:6. Denoting 'the violating-fraction by F\". one 
finds Fy " III j .rrespec:ti ve of produc: ti on ; henct:' the upper limi t t'n 
fy serves ~sa ~onservative' indepeDl:lent upper limit on FM' Using 
~th measurements we deduce F~I < 1S~ (90\ CLl. 

We have· seen,·from the foregoing that DO - DO mixing cffects c:an 
be ,exC:1u~ecJ' beyond .abuut the 111'0 level. and complete DO - DO mixing 
is ruled out. . 

~ULTS OF A-FiT 1'0 11IE D~.D+ r«lME.o,)TUM SPECTRUM AT Eem = 4.0~S GI.'\­

AS previously mentione,d. threshold product ion of both charged 
and ~eutral D's ~ppcars to proceed through two-body processes invol­

. 'ving D'~and U*'S. We havc performed several fits of the joint Do 
.. and D~ 'l1lomentu~ '§pcctrum for data collccted at thc' fixed center-of­
°mass energy'of 4028tS.4 '~leV. The momentum· spectra at fixed beam­
·ene:rgy:c~Jjvcy.cssonUally the same information :15 the recoil spectra 
pr~se.ntec!;earlicr •. butoffl.'r the advant:Jgc of nearly Ulli·form reSl'­
.Iution., .. M"ntc (:;11'111 calculat iOlls indi c:ate that the nO ., KlJ. and 
D~: .. K211 momentum'resolutilln is ",18 MeV/c and varies by HO". over 

'~'the';f",l'I, monil'ntum r:lIIge considl'rl.'d hl'rc. The individual (J and 0+ 
effielcnc:y~vuriatlon is also about ±lO~. 

""". . 

. ' 
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Demonstration that there are D candidates with momentum 

le88tha~'20 MeV/c in the Ecm = 4.028 data. We are 

. plOtting tbe K:lt1t .invariant mass. distributions whe:re· 

p ~~~1t:.}<~~oMev/c • 
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;' We'have fi t the DO ~rid D+ spectra in terms of neuti,al and 
:charge~',versioiis of reactions 1-3 .. i~llriplicit in ·these fits is the 
iaSsWiipfic:in of charm. conservationit1e:nee D*O's decay intQ 1?0:s via 
p.O .'+ yD~ . and 'D*O + 1I0DO. We allOlo! :D*+ to decay via the processes 
:D*+ ,+,1r+j)0 and D*+,+ rD+. The expected spectral' contributions of 
Reac~lons' 1.:3 w'i.th.these D* to D .decay. mechanisms is~seen in Fig. 
9~ .iThe~e,spectl'aL'shapes ar~ c..onip~ie!l from the knowp:O+ ,DO momentum 

. Tesoll.lfi.on.and ,aS~ume isotropic. D* ;~o ,0' decays when 'the angular dis'­
(tTiliiltiQnsarenot;:knowntc:i be different. i'ig. 9. is'meant to be 
pna.arllYil.lus1;rativej we' have mo~~!1 several of ·t,he. fit piirameters 
witliintheir'errors'"inorder to c:learly?show the contrib.utionsof 
;an;'prO~~~ses: .. W~- eiap~oy the con$tiain( ih.t,'1o+* ,~MDo = 145. 3:t. 5 
MeVlc~ in"all fi tsc:discussea here.. ' ., •... .;e . 

.: ' ,InFi~ ... 19w:el:·~how; a comparl5Pii',o.f a t.yPical fit to the data. 
,;nte:dashed,.curve<b:enea1=1'!:,F,ig~ lQii ishQWs' a silieljand deduced, back-
ground';,' We:,see 1;hat tli~ :fii does ;areasc:inably good job' in' repro­
q~c:i~g ~oth the ;0°; !in~ ;D.j!':Clata~ anhough! there are some problems 

, , ·,Wi_t.ti.',~t~hi~g",the,:0*oD~~·3P,eak's na~r.o,w::w~'dtl;l.;1'h-is overall agree­
)ien~~~l\i";,~~;1:~~~:ti~t~#~x}·pro!iu~ti~'" proi:e~se~ app~ar' to 1 domi na ~e D 
Proliuc~ionl!~aI',~;t~.l"¢~J:io!cl. [l'p: set an, ;~pp.er. limi t on mu~ tibody DO 
pro.dui:tion: .. ,:we~hay:e:inc:~uded. a spectral contribution for :the process 

·D0j)0;cr .. "'OO(s'; :f~Mi~~H !ProC:,,!~s. will have momentum within' a broad 
peak (FI\'HP.I' ~i ;?OQP.I~V/c~) cen.tered at 400 P.ley/c2 • As ser,n in Fig, 
lO,:,th'ereis'.~ 'dip within this region in the, d~ta; hence'the fi t 
prefers no. DD1T.' c9ntrib~~ion and set~ a 90". CL upper Iimi t 0 f 1 ess ' . 
:than: 10% 'of the 0 0 '5 produc;ed at thre,shold ariSing from 3-body 
process~s~".: . '. " ,. ,". ' . ... ,.". ' 

; '~We also' 5e.e, from the ;dilta of Fig, lOb tlie barest. hint of a 
" pe~ed' s'~c;t}}re' 'ri.ear:;f2pC?, Mev /c. Su~' a peak .. cotiici arise from 

0*+0*- prod~ction fol1Q1-'ed by 0*+ + !tOO decay. Clearly the data 
'do, nC?t establish this,pr~~ess;'butt,,,ere are indication~ ir: the K,,~ 
invariant'mass plot'for o! events with momenta less than 320 !le\'Ii: 
(see Fig. 11). ,These events can.ortginate fromD*+D*- production 
followed by either D*+ + yD+ or D*+ ... 1100+. The DO ,D+ morrientum 
fits &en!i'lral~obtain D*+ ~arid 0+ 'm,asses which: are too'close to 
permit, ~he ,reac:ti~n 0*+ .... '1100+. bu~"conc~usi ve' c.videnc,e for the 
:P,i:~~c.:~:;or:.absen~_of:this dC<:!ly,:wil! have to await neWo'data. 

, :':(~~~f!~~~~~~:i~~:~tt~~~t~'~~fi~~e ~··~~tf~:~~;ic~~i:!,~~~~~~~e i!~!~r-
'. "~te';that;:'the:mil1;rix. element· for D*+"" :yD+ should' be: suppressed . 
,refativeiotliaefor D·o· .. rDO. 9 . This..: suppression . follows {ronl"ille 

'bed~f'that,O,tto .D ridiativ.e transitions occur,vh qual''' spin flip. 
;c;en~r!lnY,:,theli§h~quarkSf'liP" owing to ih~irlarger milgnetic . 
_melit'o:":'!1'~~'b~+"YDO" involving-u flipo£ the uquiir~ of charge 

.' ·~2/3.wlndolliinateovet,Dh ... yD+' wbieb involycs the flip of a 
. ·Charge,:j/S:':a~quarlt. . Estimates of thl;! .suppression range from Vot to 
..... 112S~;:;,'C;icp~n~rng:on -the assumed magnitude 'of t.he· charmed quark mag-
: netictmoment':' . . . . 

."~':. :-':~~~i-·/;·:~if_::tliesct consideratIons arc indeed 'correct, n*"" ~ .+DO should 
,be :~!!ej~omilla~t D*+ ~dccar mt'chanism. Unfo~tunately' tht' moml'lItum of. 
,'UO's"froiu the. process D* .. 11+/11) can he 'Iultt' close (ilndwith . 

,J/~,.: ·',.pre~en(,s'iatistics. uRl'csolvable) .to DO··s from 11*0,. ti0lIO, For 
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these reasons we lack precise information on 1) the branching ratios 
of the 0*+ into its var-ious decay modes, 2) the relative cross sec­
t:lo"f:>r the charged ve'rsions -of reactions l-l', arid' 3) the' fraction 
o( 00,'5 produced at Bcm = 4:028 GeV due to 0*+ ->- w+OO (estimates 
range 'from 6to 27%). -
" ,In: the following table we present the firmer results of several 

00.0+ momentum fits: 

Table 1. Results'of fits to the 00,0+ momentum spectr~, 

MOD" 186~±3 

Mo~ 0 = 2006±l. 5 

Masses and Bi'y 

r{D*D ->- yOO) 
r(O~O ->- All) = (60±15)~ 

MO+ = 1874±5 

MO*+ = 200.9±3 

... 

Relative,'!roduction of Neutral 2-Body Processes at.Eern 4.028 

, .48±.12 

+ 46±.10 

.06±.03 

The rela'tive 0*00*0, 0*°0°. and 0°0-0 fractions shown in Table 
I are interesting because they sho~ far more 0-° production than one 
would naively .~xpect from spin statistics 'and phase space considera­
tions. In models where charm mesor.s are pai r-produced' via diagrams 
such as: 

and spin-spin correlations, between the u',and c., qua,rks arc negl i-~ 
bible,9 one ",ould expect that" asi.de frOID :the .larger number ,of spin 
states and smailer phase" space available"fo 0* final states; the 

'OD, OD*, 'and D*O* ,couplings should be, universal<.· In that, pi <;ture : 

,~."" (JD*D* {tH P~ . '".: 

d 
°D*I)'+ °r;*o 

a: 

°DD 
f 

phase space., 
-' 



; ~ .. ~. 

• 
. frond-illiclt we find gO*D* &00*: goo '=, I07:!:33 . 5 ~ 9±l. 1 1±. 6. 
This resu1t~ which rules 'Qut: 0" ,[1 cQ.upling, ha,s been nQted in 

..• ';iJl1~i~i1:!~fl;~~~~~;?:~~~~i!!·: .. 
var.~"'9.~:~w9::-b()dy,~ fil!al state.s. were 'prQduced ,liy' a pu~e isosiriglet_ 

':'Qr. pure "tsotriplct -intermediate-,sUte with no i.sosinglet-'isotripl~t 
:inteif~reric~:iJsing; thfs ass.umi1ti.I:m, and using the.o.r.etica:l esii;' , 
milies"f'or the D*+ -+yO'> tl~artchi ng r.ltio, we can Obtain. the .r.a.tioof 
. the 0+ .... K1!.1f over th'e :00", .... KiT b,ranching .i:'atio,.'.· We estimate that: 

.:; .. ' 

" ..;,:; .... 

~;BR(O++ K-n+ir+) 

BR(DO .. K-il:L 
1.6±.t>. 

a" Gauss ian 
wfth low x2. were 

"errors which incorpQrate 
,~fOss. section dc~.crmil\at iOIl 

. ':'~: 

" 



-21-

Table II~' aBr forDO ,0+ decay modes 

4.02"8 4;415 

o((-.+j + o(K+~-) 

a(KOw+.-i + o(KOn+u-) 

o(K-w+u+~-) + o(K+n-n+u-) 

o(K-.+u+) + a(K+w-~-) 

.S2:!:.12 nb • 3S~,,08 nb 

1.16;1:,22 nb .7St.:!4 nb 

.92±.25 nb .6i±.22 nb 

~.40:!:.10 nb . 33:!:.12 nb 

=== 
The cross, sectiO'ns' in the 'above table are deduced from a fi t 

where we .have·constrained the three 00 branching fractions to be 
eq~al 'atiEcm':= 4.0:!8';~ndEcm = 4.415 GeV. The x2 of this fit was 
1.4 for 2 degrees of freedom. I~e also note that "the entry for 
KOll,n .• which ~s de(luced from Ks n+'IT-, includes corrections' for the 
pre'simee of "kL 's and- neutr~]·.Ks decay modes.· . " 

We conclude from the data. of .the above:.,table that total 0 pro­
duction at 4.0~8.and 4.4l~ a.re equal to within factors of 2. In 
addition; if charmed meson "production' acc~unts for a substantial 

. fraction of the rise in'R = aHAo/oli""U- observed at 4.!).2S·and· 4 .. US, 
we lIIUSt be observing a sl!lall fr~ct ion' (10%)' oi the total 0 produc­
tion. 

RESON~~T A.~ALYS1S OF 0 DECAY PRODUCTS 

Theoretical efforts, to understand the 0° decay multiplicity 
distribution implied by Table II should .~ake into account possibJ e 
res,onant structure in the D decay' products. Our analysis of the 
K3u. signal sliows that it is compati':lJe with 100% Knp.12 ,In Fig. 12 
we show the K3n invari.ant mass spectrum for events with at least 
one .dipiori within a p':cut defined from 6S() ,to 850 ~leV/c2 (Fig. 17a) 
an~l both dip-iolls outside the p cut (Fig. 12b). ··Clearly nearly all 
the; K.l.~'. Cl~ML s!g~a~~:':"'~,S.J,clt1~· pt;i'm!1rpy in Fi'g • 1~2a_, a:gd thus con,. 
taim;¥-:cl~pi:oljsati'~.fY~l1g the p; ,C;¥t , This ;p'cu.t 'is narrow 'in the 
s~nse'tbat "the lI+i~phase, s)lace~ distribution for' 00 ... K3l! pcaks at 
540 MeV/c2 and extends.-fiom 280 .to: llOO'.MeV/c 2 • After fitting the· 
K311 si'gnalto a linea~. combinati-on"i:ir Knp, K"'lTn, K~p. and hilI! 

(phas.e space). we con~'~,u.dc.,.t~at ,.the~ .fr'a~tion int?' K'lTp is o~ ~S:~: ~~. 
There is no evidenee:,irir s'u5s'tjulH~i .K·prcscncri, which is 

s~lIIewh:it surprising inli'glit of the large amount .o,f. p. We have 
also :examined 'thcp'ninvari'lnimilss \,,1,9t and can show thai·Do .... KA2;' 
A2+ wpdocs ·riot>d~minate'· KlIPpro'ductibn. Unfortliantely we cannot 
rule out DO'+.' KAi';:: Ai +' np~s in~e til~ Ai' Brt'it~l~rgnef'iS quite' 
sillli1ar".to.'-th~~ 111J'pliasc'space ·£oi.'D,O "Kllp: . < .... ':', ",: 

Our. a"nalysis'o('thcJ)+ ' .. (-n+n+ PaUt:' plot 3,shows : that i"t is 
eonsistcn't,."!ith, a' phase space distribution; and this argue~' 
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Fig. 13 

Schematic of",H~gopian ~t . a1.. bubble: c~a.r $venf 
If tracks 6 and 7 are lnterpre$ed as K 2and 1. they 
have an invariant mass of 1860- 25 MeV/c • , 
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ag~~lIst/su~stantial Ke presence in the D+ three-body decay products 
. ias~'WCU'~":' , 

~-:", . 

CHWI IN· A BUBBLE CHAr-IBERT 

. 'J1l~,f.I:JUowing,!!e,C:tioll is based o,! ~,connibuted paper by 
~agopj.~n~-:t,~~,::;q:,)b.~y f~nd, a long,.l,i~ed DO ~. Ky cai1~idate within a, 
15 G!Y/!='II+'~xp~s~reon, D2~ •. ,Tracks ~. t,l of,F1g'. i13 1nterS.ect ab~ut 
IS, cia 'downstream 'Of. the'pri'maiy' vertexf"at . the intersection of tracks. 

,~ 1. ~;::~!i1fd;,,3:,,:.If tr!-c~s~·~Z~nd. 7 ,are in$ei-pret~~iiii:i,>~a: kao'~ and pion 
respectively; their invari~t mass is.'Kir ,= 1860:t2S f.feV/c2 , which is', 
of;Course~:consistent,with\the .mass cif the, SLAt"-LSI. ,DO candidates 
discus'sed;,.earlier. Tiie net',mouientum:of track~' 6 and 7 is 4440:t60 
MeVi': and:,a.ppearstopoi'nt ,!iac.k to-th~ prim,fr vertex. This (town-

, stream¥osi't~on and 'netmomen~um ill)p~ies a ,de,cay proper time. of 
2 1I'10-:. 0,,$'e(:; :which certainly" indicates' tlle-prllduction of a weaklr 
decaying 'object but is CQnsiderably:'ionger 'tiianthe theoretical D° 
,lifetime estimates of lO-13;t;to'lo-14i seconds. ' 
, . ," . <Ch'lh·ge<Jjalance~ridicates ,thin,.ihe"ini tial reaction is pion on 
P~~~J!:'~""" \#~~~i~t,fp~;s~e.'S~~!~i{.,\u~~~Rt~inty,in ihe esti~ation of 
tlf~;,iI~:s )"rii,as:~'~~}~;~".m~~;tl.un is~pl:'i~arily due to the IInknown 

"·'feriii,~!ilo..m~~t;l,I!iI,:of~IiJf;:liP.,~tc~,tor'ne~trp~'. Hagopian et' ai" estimate 
a liiissiiig'n,eu'tral,mass" 'ofM(-xjJ} =' '1'1'20%150 ~leV / c2 . When the 
Dd,sS~I{f4)ru:'iDent,l,lIIiis ',c!iinbili'ed',with th~.4 I119mentum' of tracks 4 and 

,,5 ~whic:b: ·a,pp!ia.rt9 forin;"a Ks ~' olle obtains the suggestive mass ,of . 
',M(lCsx°)' .. ,r8S0±UO~leV/c2',:~:'Wethus see that. there is evidence for 
~.$.p~~~ti'veprOduction. Th~'~hone :e~e~f corresponds' to a cross 
se:ction cj'flO- 31·on 02.whicli' is"somewhat large whenJcompared to 

':Previo~:lyp.i.!blished upper limits, on hadronic production of chanued 
mesons. lIagopian, et a1.,' howe.ver, argue that these experiments mar 
be biased against such long-lived Do's. 
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