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A measurement of the spin alignment of chard®t mesons produced in continuuete™ —cc events at
Js=10.5 GeV is presented. This study using 4.724bf CLEO Il data shows that there is little evidence of
any D* spin alignment[S0556-282(198)01317-4

PACS numbefs): 13.65:+i, 13.60.Le, 13.87.Fh

I. INTRODUCTION CLEO has previously published results of charmed meson

There have been numerous theoret{dat7] and experi- energy distributiond8] as well as the spin alignment of
N .
mental[8—15 studies of the fragmentation of heavy quarks. chargedd mesons[18]’.( In this paper an updated measure-
The energy distribution and flavor dependence of heavynent of the charged®” spin alignment using the entire
quark hadronization have been modeled by fragmentatiofLEO Il data set is presented.
functions. The role that spin plays in the hadronization pro-
cess is still being investigated and is not well understood at
this time[lG—ZZ. To increase the undgr.s_tanding of this rolg, Il. POLARIZATION, ALIGNMENT, AND Py,
a precise measurement of the probabilities of a meson being

g'ergggj produced in each of the available spin states is According to the quark model, a meson is composed of
‘ two spin 3 valence quarks that can combine to form four

At CLEO, the fragmentation of charm quarks can be ana-_ . : : ;
spin states in the absence of orbital angular momentum, i.e.

lyzed by making measurements of primary hadrons contain: S . :
ing charm quarks from continuune*e~ annihilations. four S-wave states..ertlng these in the basis of total angular
momentum,J, and itsz-component,J,, they are the vector
states|1,2), |1,0), |1,—1), and the pseudoscalar sta€e0),
*Permanent address: Lawrence Livermore National Laboratory},’vhere thez-direction can be'arb|trar|Iy chqsen. The probab|ll-
Livermore. CA 94551, ity of an S-wave meson being produced in a vector state is
TPermanent address: BINP, RU-630090 Novosibirsk, Russia. often described by the ratiBy defined as
*Permanent address: Yonsei University, Seoul 120-749, Korea.
Spermanent address: Brookhaven National Laboratory, Upton,
NY 11973. v

I arci - Pv=0ro 1)
Permanent address: University of Texas, Austin, TX 78712. V+P
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whereP andV are the respective probabilities of the mesonlar distribution would be isotropic itx=0, proportional to
being created in the pseudoscalar and vector states. sir? @ if a=—1 and proportional to cd9 if a=c.

The helicity formalism is useful in the context of describ- Whereas the naive statistical expectation is that all four
ing the angular distributions and correlations in the producS-wave meson states are created in equal proportions, i.e.
tion and decay of particles with non-zero spin. For a particlep, , = 3(a«=0) and Py,=0.75, there are other models that

with momentumﬁ, the helicity is defined as have been presented where the alignment Rpdiary as a
function of momentun23,24]. Heavy quark symmetry pre-
- dicts that vector mesons containing a single heavy quark are
A= JTp 2) produced unaligned, but there have been suggestions that the
Ip| value of Py may depend upon the mass difference of the

vector and pseudoscalar mes§825]. It has also been sug-

which in the case of a spin-1 particle is just theomponent  gested thaP,, is directly related to the spin alignmef6],
of the spin when the-direction has been chosen as the flightand in the previous CLE@* spin alignment analysis, a
direction of the meson. The helicity density matrix is oftenyalue for P, was calculated using this relationshjp8].
used to organize information about the spin of a particle. Thg4owever, the validity of the statistical model was assumed
diagonal elements of this matrix,, , with =,p,,=1, rep-  when deriving this relationship. We feel that a determination
resent the probability that the particle has helidity of P, for D* mesons warrants an independent measurement

Simple statistical expectations are that all helicity states ofyhich is the topic of a current CLEO analysis. The results of

a spinJ particle are equally populated, but production andthe P,, analysis will be presented in a future paper.
fragmentation dynamics can lead to either polarized or

aligned particles. A system of particles is polarized if there is

a net angular momentum, i.g,,# p_,_, for some helicity Ill. DETECTOR AND EVENT SELECTION

\, and it is aligned if there is a nonuniform population of

states, buip,,=p_,_, for all \. Since the production and ~ The CLEO Il detector is a general purpose charged and
fragmentation processes in this analysis conserve parity arteutral particle detector and is described in detail elsewhere
the Cornell Electron Storage RiIHGESR beams are unpo- [27]. The data set used in this analysis consists of 3.1t b
larized, it is expected that the* mesons frome™e™ — y* of data collected at th& (4S) resonance and 1.61Th of
—.cc are unpolarized, but it is possible for th¢ mesonsto data collected about 60 MeV below the resonance. This cor-
be aligned. responds to approximately>510° continuumcc events.

To measure the spin alignment of a vector meson, the TheD* " in this analysis is required to decay through the
angular distribution of its decay products is analyzed, buchannelD* *—D%z* with the D° decaying either through
because the angular distributions of the1 andA=—1  the mode D°—~K~ 7" or D°—K™a*#° (inclusion of
states are degenerate, the valuep@fandp_,_; cannot be charge conjugate modes is implied throughout this paper
distinguished and only one variable, e.ggo=1—py; Thew' intheD* " decay is kinematically limited to having
—p_1_1, is accessible. From the definition above, the vecto® momentum less than 456 Med/ih the laboratory frame of
meson is aligned ipqo differs from 1/3. For the case of a reference, and is referred to as the “slow” pion.
vector meson decaying to two pseudoscalar mesons, the an- All tracks used in this analysis are required to have an
gular distribution can be written impact parameter within 5 mm of the interaction point in the

plane transverse to the beam pipe and within 50 mm in the
3 direction of the beam pipe. Tracks are also required to have
W(cos 0)= 2[(1~pod +(3poo=1)c0S 6] (3) 3 momentum less than 6 Ge¥/and an rms residual less than
whered is defined as the angle of a daughter pseudoscalar i1 mm'for their hitg. Partic!e identificatiqn Is not useq sincg
the parent vector meson rest frame, with respect to the dire _fbere IS N9 apprema_bl_g gain for t hls particular an alysis and it
. f motion of the parent vector m’eson in the rest frame o ntroqluces the possibility of anltlonaI systema’qc errors. For
:Ir?en [:?rorgl?ction procezs In our case, the production rest fra a pair of photons to be considered as a cand|dé‘te.th(.ey
of a D* directly prodl'Jced in cha’rm fragmentation fromrn%USt havg an energy of at least 100 MeV, be within the
. Lo S ) barrel region of the detector where support structures do not
e eB anmhnarl]non cplglc:ldes with the laboratory frame. adversely affect shower measurement o6 fyeecl
y using the variable <0.71), have a shower shape in the crystal calorimeters con-
sistent with that of a photon, and haj@s6,|<0.9, where

_3poo—1 4 i the decay angle of the photon in the rest frame, with
“ 1-poo’ “ respect to ther? direction of motion in the laboratory frame.
In addition, the reconstructed® must have an invariant
the angular distribution can be expressed as mass within 20 MeV¢? of the neutral pion mass.
For the DK~ 7" mode, theD? is reconstructed by
W(cos 6)=N(1+a cos 6) (5) taking all possible pairs of oppositely charged tracks in an

event, assigning the kaon mass to one and the pion mass to
whereN is a normalization factor equal to 3/¢2«). The the other(or vice vers® adding their four-momenta, and
value of@ can range between 1 and+o, where the angu- then calculating the invariant mass. TH¥ * is recon-
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FIG. 2. D* — D mass difference for thB°— K 77° decay mode
FIG. 1. D* —D mass difference for th®°—Km decay mode for the fivex* rangesia) 0.45<x* <0.55, (b) 0.55<x* <0.65, (c)
for the sixx™ ranges(@) 0.25<x"<0.45, (b) 0.45<x"<0.55,(0)  (.65<x*<0.75,(d) 0.75<x* <0.85, (¢) 0.85<x* < 1.0. The solid
0.55<x"<0.65, (d) 0.65<x"<0.75, (e) 0.75<x*<0.85, (f) squares are the data points and the solid line is the fitting function

0.85<x"<1.0. The solid squares are the data points and the soligs described in Sec. IV. The hatched area is the signal region while
line is the fitting function as described in Sec. IV. The hatched aregne crosshatched region is the sideband.

is the signal region while the crosshatched region is the sideband.

structed by adding the four-momentum of a candidate slow FOr eachx” range, a sideband subtraction is performed.
++ in the event to the four-momentum of the candidafe  The sideband region is from 9 Me# to 12 MeV/c? above
The mass differenceAM, between the candida®® and the mean of theAM peak and the ratio for the sideband
D** is required to be within 2.5 Me\? of the world-  subtraction is determined by fitting the data with a bifurcated
average mass difference of 145.42 Me¥/[28]. double Gaussian for the signal plus a background function
TheD? is spinless and the decay products have an isotroA+B(AM)Y?+C(AM)3? and integrating the background
pic angular distribution. However, because of the jet-like nashape for the signal and sideband regions. The fits used to
ture of continuum events, the background from random trackletermine the sideband ratios are shown in Figs. 1 and 2.
combinations tends to have cgg=—1, where ¢y is the The sideband-subtracted (K 7) data are fit for each™
decay angle of th& ™ in the D rest frame, relative to the bin with a double Gaussian for the signal region plus a first-
D° motion in the laboratory frame. A requirement that order polynomial backgrountEach of thesa* bins is bro-
cos¢=—0.9 is added to improve the signal-to-backgroundken up into five equal cog bins, whered is the angle de-
ratio. fined in Sec. Il. In order to reduce variance in the fitted
For theD°— K~ 7" #% mode, the four-momentum of a parameters, the width and ratio of areas of the double Gauss-
candidater® is added to the four-momenta of two oppositely ian fit to the invariant mass distribution are fixed to the val-
charged tracks to form candidaR®s in the event. Mass ues obtained when fitting the mass peak in that momentum
difference and kaon decay angle requirements are the samange for the entire cog spectrum.
as described above.

IV. FITTING V. EFFICIENCIES

To test models that predict that the alignment varies as a It is important to understand the relative efficiencies of
function of the momentum of thB* *, the data are broken detecting aD* ™ in the various co# bins. In the lowest
up into sixx’ bins in the range 0.25-1.0, wheré is a momentum bins, for example, the efficiency decreases as
Lorentz-invariant variable defined as cosf approaches 1 because of the increased difficulty in
measuring the track of a slow pion that is emitted in the
direction opposite th®* direction in the laboratory frame.

* _|__ *
(ra POMTEDY) ©
PmaxD*) +EnadD*)
5 ] 1The highesx™ bin is fit with a second order polynomial for the
where Eax=Epeam: Pmax= VEbeam Mpx+ @ndMp«+ IS packground since the background is not well represented by a
the world-average value for the mass oD& ™. straight line.
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FIG. 3. M(K ) after sideband subtraction for the si% ranges
(a) 0.25<x*<0.45, (b) 0.45<x™<0.55, (c) 0.55<x* <0.65, (d)
0.65<x"<0.75, (e) 0.75<x " <0.85, (f) 0.85<x*<1.0. The solid
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1.720 1970 1720 1.545 1570 FICOS. 5. _Noimallzeo(l) cog_dlsinboutlons in the six ranges for
M(K1r)(GeV/c2) the D*—-K™ 7" andD”—K™ 7" #° decay modes combined. The

solid squares are the efficiency-corrected yields for eachd ¢cos

squares are the data points and the solid line is the fitting function
—K~ 7" (7%, while no constraints were placed on the other
charm quark. Th®* mesons were produced such that their

as described in Sec. IV.

Detection efficiency as a function a&f" and cos§ was esti-

in the specifiedk™ range. These distributions are fit with the func-
tion W(cos6)=0.4N(1+ a cos 6), where the factor of 0.4 is the
bin width andN=3/(6+2«).

decay toD°#* had an isotropic angular distribution in the

_ ) rest frame of theD* ™.
mated by analyzing Monte Carlo events witleeanT-based

detector simulation.
Monte Carlo events were generated using the Lund

JETSET 7.3 program,lvhere the™e™ annihilation was re- The fits of the sideband subtractet(K=) and
quired to result in acc pair with one of the charm quarks M (K w#°) distributions for all scaled momentum ranges are

VI. RESULTS

hadronizing to aD** that decays toD%z* with D°

FIG. 4. M(K7=°) after sideband subtraction for the fiwe
ranges (a) 0.45<x*"<0.55, (b) 0.55<x*<0.65, () 0.65<x"

1.0 —————————
300F (a) 1 - J
200 ; I ]
100 051~ 7]
0 ' 0 '
N:; T B |
3 1000 1000 s ol | + + ]
s T
= 500 500 i . 1
o 0 0 | i
600 -05 ; _
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M (K7 °) (GeV / ¢?) x*

FIG. 6. The values of for each momentum bin are represented
by the solid squares. Errors shown are the statistical and systematic

<0.75, (d) 0.75<x* <0.85, (e) 0.85<x*<1.0. The solid squares errors added in quadrature. The solid line represents the statistical
are the data points and the solid line is the fitting function as demodel. The dotted line represents the function predicted by Suzuki
scribed in Sec. IV. [23]. The dashed line is the function of Cheung and Y [@24.
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TABLE I. Values of « for different momentum ranges. The first error given is statistical: the second is systematic. The last column is the
confidence level of the fit for the combined valuesaof

0 -+ 0 - +,.0
Dr=Kom D =K Combined Confidence
x* Events a Events a a level (%)

0.25-0.45 68762 0.370.35 0.37-0.35+0.38 90
0.45-0.55 147258 —0.14+0.13 183@-171 0.09-0.24 —0.07+0.11+0.05 43
0.55-0.65 7646125 0.14-0.08 8305-290 —0.18+0.08 0.006-0.05+0.05 11
0.65-0.75 8432116 —0.13+0.06 8355-165 —0.22+0.06 —0.17+0.04+0.04 1
0.75-0.85 626497 0.14+0.08 6339118 0.05-0.08 0.16-0.05+0.02 73
0.85-1.0 382883 0.170.12 3740-91 —0.02+0.11 0.08-0.08+0.07 90

N i of uncertainty will therefore be related to extracting the yield
shov_vn In Figs. 3 and 2.The efﬂuency-correctgd an_gular and the efficiency as a function of c6sThe effects of the
d|+str|_but|qns for bpth decay modes were combme_d n eacl) arious sources of systematic error are shown in Fig. 7 while
X" bin with a weighted average an(_i are ShOW” in Fig. 5%the methods used to determine these errors are described
where they have each been normalized to unit area and Helow.

Wit$th‘ (|5)‘ i lting f h fi I he fi The Monte Carlo contribution to the systematic error was
e values ok resulting from these fits as well as the fits ;0.4 nted for by including the error in the Monte Carlo ef-

forTeaE)cl:h I()f':the twg dﬁcay n:]OdeS trbe_atedd sep?ratel?/ areahstq iencies in the calculations of the yields. To investigate the
in Table |. Figure 6 shows the combined resultsdglotte systematic error associated with the fitting function, the

ﬁnalysis was done using a single Gaussian rather than a
. double Gaussian to fit the signal peaks. Likewise, to investi-
Il lists the values oy as calculated_from the measurementgate the systematic error associated with the choice of range
OT @ for_ each scaled momentum bin. Averaging the @0s {5 the sideband subtraction, the analysis was done using a
ﬂstrlbutlons over all momenta and Een fitting gives a Va'“esideband region from 6 Me¥? to 9 MeV/c? above the
a=—0.028£0.026, corresponding tpgo=0.327+0.006. nominalD* — D mass difference rather than from 9 M&¥/
Similar analyses have been done by the HRS, TPC, SLip 12 MeV/c? above the nominal value. The effect of the

and OPAL Collaborationg16,17,21,2Q as well as by mass difference requirement was investigated by constrain-

CLEO using a previous data geit8]. The average values of ng the mass difference to be within 1.25 Me¥/of the
a andpqg in each study are presented in Table IIl.

suggested by Suzuk23] and Cheung and Yudr24]. Table

® Result

m Fitting Shape Vv Mass Difference Cut

VIl. SYSTEMATIC ERROR

. . . A Sideband ¢ 6 cos @ Bins
Many possible sources of absolute systematic uncertainty,
such as the overall track-finding efficiency, do not have a (a) &
significant effect on this analysis because the extractiam of ————
in each momentum range involves only relative comparisons ('b )' e
of the same measured quantity, namely the yield of@fie .
decays, in the different bins of c@s The remaining sources N { N
(c) _5_
TABLE Il. Values of py for different momentum ranges. The o .*r_'_. D
first error given is statistical; the second is systematic. (d) i
x* Poo 1-||
(e) >
0.25-0.25 0.46:0.07=0.07 A
0.45-0.55 0.31£0.03+0.01 T TR T Ldj_rn ) | L
0.55-0.65 0.330.01+0.01 (") -
0.65-0.75 0.36:0.01+0.01 . L . |4_+ . .
0.75-0.85 0.3%0.01+0.01 -1.0 —-05 ) 0.5 1.0
0.85-1.0 0.3%0.02£0.01 o

20nly the highest five momentum bins were used for B

FIG. 7. The results from the systematic error studies for the six
x* bins (a) 0.25<x"<0.45, (b) 0.45<x*"<0.55, (c) 0.55<x*
<0.65, (d) 0.65<x*<0.75, (¢) 0.75<x*<0.85, (f) 0.85<x™"

<1.0. The different symbols represent the resulting valuesgr of

—K77® mode due to the small number of signal events and lowusing the modifications in the analysis procedure as described in
signal-to-noise ratio in the lowest" range.

Sec. VII.
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TABLE Ill. Results fora and py, found by various collaborations.

Vs (GeV)

Collaboration

@ Poo
HRS 29 0.180.08 0.3710.016
TPC 29 —0.14+0.17+0.03 0.301-0.042+0.007
SLD 91 0.019-0.378+0.582 0.34-0.08+0.13
OPAL 91 0.33:0.11 0.40:0.02
CLEO I.5 10.5 0.080.07+0.04 0.3510.015+0.008
CLEO I 10.5 —0.028+0.026 0.320.006

Particle Data GrougPDG) value rather than 2.5 Me¢f.  including the contribution fronD5* mesons.

The systematic effects of the céinning were studied by Although the favored helicities d0*’s from the decays
using six equal cog bins rather than five. The differences of 2" and 1" charm states partially cancel, it is probable that
between the resulting values afand the central value were theseD*’s are aligned in their production rest frame, i.e. the
all summed in quadrature as an estimate of the systematiest frame of the pare@** . It is expected that any effect
error and are included in the error bars shown in Fig. 6.  would be most noticeable for the highest bins which have

A small linear component in the angular distribution canthe largest correlation between tB& 4-momentum in the
easily be seen in Fig. 5 for the range 066" <0.75. Thisis laboratory frame and thB* 4-momentum in thed** rest
most likely due to a slight inaccuracy in the efficiency cor-frame. If the 4-momenta in the two reference frames are
rection from the Monte Carlo sample. The data in Fig. Suncorrelated, as tends to be the case for the lowebins,
were fit with a straight line added to E@) as a check and any alignment oD*’s from D** ’s would not be noticeable
the difference in the fitted values af was negligible. in the laboratory frame.

Because of the current lack of information about the pro-
duction and decay oP-wave charm meson states, we can
only state thaD** decays could have a significant effect on

We have measured the spin alignment ofafl mesons  this D* spin alignment measurement in at least some of the
produced inete”—qq interactions at/s=10.5GeV. Al-  x* bins.
though the details of the analysis ensure that the measured
D* does not come from a decayir) meson, we cannot
determine any other details about the production hierarchy.

From a theoretical standpoint, we are particularly interested .Th|s analysE, ls the most precise measuremen.t of the spin
in the D* mesons that are produced directly in tée alignment ofD*™ mesons to date. The data, without any

collision, but we cannot distinguish these from secondar)fx?"eCtlons fprp** effects on the measurements, agree well
D*'s resulting from decays of charm mesons with-0 WI;[h the sta}tllstlcal m_odel expectation that the=0 state has
[29-31. a 53 probability of being populated.

The most prominent excited charm mesons, which are
commonly referred to aP** mesons, consist of a charm
quark and a light anti-quark with relative orbital angular mo-  we gratefully acknowledge the effort of the CESR staff in
mentumL=1. They are categorized into four states with providing us with excellent luminosity and running condi-
spin-parityJP=0%, 1*, 1*, and 2. A 0" state decay to tions. J.P.A., J.R.P., and I.P.J.S. thank the NYI program of
D*# is forbidden due to spin-parity conservation while the NSF, M.S. thanks the PFF program of the NSF, K.K.G.,
otherD* modes are expected to be suppressed. Wheh a 2M.S., H.N.N., T.S., and H.Y. thank the OJI program of the
state decays through* channel, it can only producel*  DOE, J.R.P., K.H., M.S. and V.S. thank the A.P. Sloan
meson with a helicity oft 1 in the 2" rest frame, while the  Foundation, M.S. thanks Research Corporation, and S.D.
1" states only decay througb* channels and favor a he- thanks the Swiss National Science Foundation for support.
licity of O in the 1" rest frame. From the measurementsThis work was supported by the National Science Founda-
available[32,33, we estimate that 16—20 % &f* mesons tion, the U.S. Department of Energy, and the Natural Sci-
observed at CLEO could be daughters db& meson, not ences and Engineering Research Council of Canada.

VIIl. INTERPRETATION OF RESULTS

IX. CONCLUSION
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