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From a sample of 1240 £ 51 D" — 7 T rt w

e find (DT — 7 nta")/T(Dt - K ntat) =

0.0329 & 0.00151) 303 . Using a coherent amplitude analysis to fit the Dalitz plot of this decay, we
find strong evidence that a scalar resonance of mass 48375% + 17 MeV/c? and width 338%35 + 21
MeV/c* produces a decay fraction of approximately one half.

I Introduction

The lightest scalar and isoscalar resonance, predicted in
models for spontaneous breaking with chiral symmetry
such as the Nambu-Jona-Lazino linear ¢ model [1] and
its QCD extension[2], remain without an unambiguous
experimental observation to this day. Experiments have
presented controversial evidence for low-mass 77 reso-
nances in partial wave analyses [3, 4, 5]. Determin-
ing the existence and characteristics of such particles
have important consequences for the quark model [6],
for understanding low energy 7 interactions[7, 8] and
for understanding the AT = 1/2 rule[9].

Three-body decays of mesons containing heavy
quarks often proceed as quasi-two body decays with
resonant intermediate states. The large coupling to
scalar resonances is the other frequent feature that
makes charm decays a relatively clean laboratory for
the study of scalar resonances. The large decay frac-
tions of Dy — fo(980)7, and Ds — fo(1370)7 are good
examples, together they account for almost 90% of the
total Dy — 7wt width [10].

We present the study of the single Cabibbo sup-
pressed decay DT — w atwT. The amplitude
analysis of the decay determine its resonance struc-
ture. We measure decay fractions to the established
resonances[11]:  p°(770), f5(980), f2(1270), fo(1370),
and p°(1450). We find that including an amplitude
for a light broad scalar resonance improves our fit sub-
stantially. We measure the mass and width of such
resonance to be 483735 £ 17 MeV/c? and 338775 + 21
MeV/c?. Referring to this 7™~ resonance as

the o(500), we find that D — o(500)7" accounts

for almost half of the total decay rate.

IT The data sample

The data were produced by 500 GeV/c n~ interactions
in five thin foils (one platinum, four diamond) separated
by gaps of 1.34 to 1.39 cm. The detector, the data set,
the reconstruction, and the resulting vertex resolutions
have been described previously [12]. After reconstruc-
tion, events with evidence of well-separated production
(primary) and decay (secondary) vertices were retained
for further analysis. From the 3-prong secondary vertex
candidates, we select a 7~ 777" sample with invariant
mass ranging from 1.7 to 2.1 GeV/c?. All charged par-
ticles are assumed to be pions.

We require a candidate’s secondary vertex position
to be cleanly separated from the event’s primary ver-
tex position and from the closest target material. The
sum of the momentum vectors of the three tracks from
this secondary vertex must point to the primary vertex.
The candidate’s daughter tracks must pass closer to the
secondary vertex than to the primary vertex, and must
not point back to the primary vertex. The resulting
invariant mass spectrum is shown in Fig. 1.

We fit the spectrum of Fig. 1 as the sum of Dt and
DY signals plus background. To account for the signals’
non-Gaussian tails, we model each signal as the sum of
two Gaussian distributions with the same centroid. We
model the background as the sum of four components:
a general combinatorial background, the reflection of
the DT — K~nt7t decay, reflections of D® — K—nt
plus one extra track, and DY — n'z" followed by
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n' — p°(770)y, p°(770) — 7t 7~. The D* — K—ntxnt
reflection is located below 1.82 GeV/c? in the 7= 7t 7+
spectrum. The other charm backgrounds populate the
whole 7~7t 7t spectrum. We use MC simulations to
determine the shape of each identified charm back-
ground in the 7~ 7t7t spectrum. We assume that
the combinatorial background falls exponentially with
The level of D° — Kr and Df — n'nt
backgrounds are determined using charm signal rates
measured in our total event sample and branching ra-
tios taken from the compilation by the Particle Data
Group[11]. The parameters describing the combinato-
rial background and the level of the K~ 7+ 7T reflection
are determined from fitting the 77T x+ distribution.
The mass (centroid) and both Gaussian widths for each
signal float in our fit. The fit finds 1240 & 51 DT events
and 858 + 49 D} events.
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Figure 1. The 7~ 7 txT effective mass spectrum. Events in

the hatched area are used for the Dalitz plot analysis.

To study the resonant structure of the decay DT —
rm~rtrt, we consider the 1686 candidates with invari-
ant mass between 1.85 and 1.89 GeV. The integrated
signal-to-background ratio in this range is about 2:1.
Fig. 2 shows the Dalitz plot for these events. The hori-
zontal and vertical axes are the squares of the 7+ 7~ in-
variant masses, and the plot has been symmetrized with
respect to the two 71’s. We see the clear bands corre-
sponding to the p°(770)7 ", with a valley in the central
region, signature of the decay of the D into a vector res-
onance and a m. Also clear is the band atributed to the
f0(980)7™ channel. We observe as well a large concen-
tration of events in the low mass region. See Fig. 3 for
simulations of the individual resonance contributions to
Dalitz-plot.
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We assume that the combinatorial background pro-
duces no particular structure in the Dalitz plot, apart
from the shape imposed by the detector acceptance.
This source is responsible for 72+9% of the overall
Dalitz-plot backgound On the other hand, the charm
backgound does produce specific structures. The shape,
size and location of the charm backgound were ob-
tained using Monte Carlo simulations and previously
determined D° and D, production rates relative do
D% in our data sample. The D° — K7, repre-
sents only 4+1% of the background and is located in
the symmetric corners of the Dalitz Plot. We associate
the remaining 24+9% background to the Df — n'm™,
n' — p°(770)y, p°(770) — w7~ that falls, obviuously,
in the p region, it is just distorted due to the kinemat-
ical cut on the 37 invariant mass. This background
differs from the signal decay to pm in the sense that it
does not present the valey in the central region, result
of angular momentum conservation.
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Figure 2. DT — 7« Dalitz plot distribution. Since
we have two identical particles this distribution was sym-
metrized.

IIT The amplitude formalism

The decay of a scalar hadron into 3 spinless daugh-
ter particles is completely specified with two degrees of
freedom. The convenient choice of observable are the
squared invariant mass of two two-body combination
among the daughter particles. This choice is motivated
by observing that the decay D — 1 2 3 is written in
terms of the invariant amplitude A as:
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M is the three-body invariant mass and mj; is the
squared invariant mass of daughters ¢ and j.

The invariant amplitude A holds all the dynamics
of the decay. The mj, x mj g scatter plot, the Dalitz-
Plot, is a display of this dynamics. The next step is to
compose a model for 4 and investigate how it compares
to the data.

The decay through resonant intermediate states, j,
are viewed as s-channel processes where the resonance
plays the role of massive propagators, represented by
relativistic Breit-Wigner functions, BW; ' . Momen-
tum dependent form factors, Fp and Fgr describe the
non-pointlike nature of the D meson and the resonance
respectively. The angular momentum conservation is
taken care by the function M]J . Each resonant ampli-
tude, A; is writen as:

Aj = BW; x Fp x Fgp x M, (2)

1
BW. =
W m2,. —mi +imolj(Mzr)’ (3)

with

F(mﬂ-ﬂ-) = FO

mo (p*)W Fa(p)
Mar \ Do F 12% (P5) -
Above my, is the invariant mass of the two pions
forming a spin-J resonance. The functions Fr are
the Blatt-Weisskopf damping factors [14] that depend
on the spin of the resonance: Fy = 1 for spin 0
particles, F; = 1/4/1+ (rp*)? for spin 1 and F» =
1/4/9 + 3(rp*)2 + (rp*)* for spin 2. The parameter
r is the radius of the resonance (~ 3 fm) [14] and
p* = p*(m) the momentum of decay particles at
mass m, measured in the resonance rest frame. The
spin part of the amplitude M; is defined equal to 1
for a spin-0 resonance, —2 | pg || py | cosf for spin-
1 and (| pg || p1 [)*(3cos?d — 1), where pg is the
3-momentum of the bachelor pion and pqy is the 3-
momentum of the other like charge pion, both measured
in the resonance rest frame; and 6 is the angle between
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pions 1 and 3. Finally, each resonant amplitude is Bose
symmeterized A; = A;[(12)3] + A4;[(13)2]

The non-resonant amplitude is represented by a con-
stant. The overall amplitude is written as a coherent
sum of all the contributions:

n

A=codo+ Y cjAj, (5)

j=1
where ¢; = ajei‘sf are complex coefficients, they repre-
sent the relative contributions of each decay mode and
as well as final state hadronic interactions. These co-
efficients are the unknowns that should be extracted
from fits to the data. Fig. 3 we show the Dalitz-plot
of each individual resonant state that could contribute
for the above sum in the DT — 7~ 777" decay. Notice
that being coefficients and the individual amplitudes
complex quantities, interference effects will take place

when all the pieces act together.
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Figure 3. Dalitz-plot of the individual resonant contribu-
tions to the DT — 7~ tat decay.

To obtain the parameters a; and J; we do a max-
imum likelihood £ fit to the data using MINUIT [15].
In practice the program finds parameters that minimize
the quantity w = —2In(L£). We compute the likeli-
hood, £, in terms of signal, Pg, and background, Pg,
probability functions (PDF’s) of the 7 ~a T+ invariant
mass, M, and the Lorentz invariants sjo = m3, and

— 2 .
$13 = My3:

1686

c = [[[Ps + Psl;, (6)

=1

IFor the fo(980)m+ we use a coupled channel Breit-Wigner, following the parameterization of the WA76 Collaboration [13],

1

BW g, (980) = 2

m2, —m+imo(Tx +Tk)’

Ir =gry/ mg\—ﬂ—/4 - mfr,

with

and

9K .
P =" (\/mgm/‘l*m%ﬁ +\/m72r7r/4*m§<o) :
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Ps = mg(M)e(sin ) | AP ()
Ns

In this equation Ng is the normalization constant,
e(s1,s2) is the acceptance factor, g(M) is a gaussian
function describing the signal’s 7~ 77" observed in-
variant mass spectrum. A is the general amplitude
given by equation 5, function of the fit parameters a;
and ;. With the exception of the o, the masses and
widths of all the resonances were fixed for all fits re-
ported here. In table 1 we list mass and width values

used.

Table 1. Masses and widths of the resonances used in
the Dalitz plot fit. Values for f3(980) and fo(1370)
came from the Dalitz-plot analysis of the D, —
a- w7t signal shown in Fig. 1, all the others are listed
[11].

resonance mass (GeV) width source
f0(980) 0.978 g= = 0.083 fit
gr = -0.03
p°(770) 0.769 0.150 PDG
f2(1270)  1.275 0.185 PDG
fo(1370)  1.438 0.170 fit
p°(1450)  1.465 0.310 PDG
The background distribution is given by
3. b,
PB = b(M) Z Nl Bi(Sm, 813), (8)

i=1 i

b(M) is the function describing the background distri-
bution in the 7~ 7Tt spectrum, b; are the relative
amount of each background type and Np, are the corre-
sponding normalization constants. B; are the probabil-
ity distributions in the Dalitz-plot of each background
type, they are displayed in Fig. 4. There are no free
parameters in the background description although we
vary b; to estimate the systematic uncertainty in the
measured parameters. Fig. 4a is a plot of Pp and in
4b we plot the detector acceptance.
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Figure 4. a) Background distribution b) Detector
acceptance.
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IV  Results

We have tried many different models for the signal am-
plitude, particularly in its respect to the ¢(500) reso-
nance. In our first model, which we will refer to as Fit 1
the signal PDF includes a non-resonant amplitude and
amplitudes for DT decaying to a 7 and any of the
five well-stablished resonances [11]: p°(770), fo(980),
f2(1270), fo(1370), and p°(1450). The fit extracts mag-
nitudes and phases of each of the amplitudes along with
the error matrix for those parameters. We calculate the
decay fractions for each amplitude as:

_ Jdsizdsis | cjA; [P
B de12d813 ij | CjAjCZA;; |2.

fi 9)

The integration runs over the entire Dalitz-Plot. No-
tice that due to interference effects the fractions of all
modes do not necessarily adds up to one. For this rea-
son we are not able to measure exactly the intermedi-
ate state branching ratios. The Fit 1 results are col-
lected in table 1. This fit found the minimim value
w = —2In(L) = —5138. In this model, the non-
resonant and the p°(1450)7+ apear to dominate, fol-
lowed by the p°(770)7* amplitude. The qualitative
features of this fit are similar to those reported by E691
[16] and E687 [17].

Table 2. Fit 1 for DT — 77~ 7t decay

mode Magnitude Fraction(%)
Phase

P2(770)r T 1(fixed) 20.2 £2.7
0(fixed)

non-res. 1.25 +0.23 31.6 £9 .0
(141.0 £ 9.7)°

Fo(980)7+  0.64 £0.08 8.1 +1.4
(142 + 14.4)°

£2(1270)7%  0.63 £0.08 8.0 £2.1
(85.9 £ 16.6)°

fo(1429)xT  0.75 £0.11 11.5 £2.9
(142.7 + 9.7)°

pP(1450)7t  1.15 £0.12 26.8 £3.8

(28.6 + 13.8)°

To acess the quality of each fit we developed a fast
Monte Carlo (MC) program which produces Dalitz-
Plot event densities accounting for signal and back-
gound PDF’s; including detector efficiency and reso-
lution. Comparing the MC density distribution gen-
erated using magnitudes and phases of the amplitudes
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given in Fit 1 with that for the data, we produde a
x? distribution shown in Fig. 5. We observe bad 2
bins spread thoughtout the Dalitz-Plot with particu-
larly bad bins in the low 77 mass region. The 2
summed over all bins is 243.0 for 162 degrees of free-
dom, giving x?/DOF = 1.50. F Fig. 5b displays the
7T7~ square mass projection for data and fast MC.
While the peaks corresponding to the p°(770)7* and
the fo(980)7T are well represented by the model, there
is a discrepancy at the lower mass suggesting, along
with the relatively poor x2, the possibility of another
resonant amplitude.
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Figure 5. Fit 1: a) X2 distribution b) s12 and s13 projections
for data (error bars), fast MC (solid) and the shaded area
is the backgouhd distribution.

To investigate the possibility that another resonance
contributes to the DT — 7~ 77+ decay, we add a sev-
enth amplitude to the signal PDF. We allow the mass
and the width to float and asusume a scalar angular
distribution. This fit (Fit 2) finds values of 48313¢
MeV/c? and 338775 MeV/c? respectively for mass and
width of this sixth resonant state, that we are refering
to as (500). The other parametes of the fit are listed in
table 3. We obtained for Fit 2, w = —2In(L) = —5248

In Fit 2, the 0(500) amplitude produces the largest
decay fraction , 44%, with a relatively small statisti-
cal error, 9%. The non-resonant fraction, which at
(324+10)% was the largest in Fit 1, is now only (10£7)%.
The first reported errors are statistical followed by the
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systematic. The possible sources of systematic uncer-
tainties are the background model, the detector accep-
tance and the ¢(500) mass and width. We also investi-
gate the impact of having pointlike hadrons, neglecting
the form factors in the model.

Fig. 6a shows the distribution of the x? of the data
if compared with a fast MC sample generated with the
parameters out of Fit 2. When we project this model
onto the Dalitz plot, x?/ DOF becomes 149/162. Along
with the significative improvement in the global x? we
note also the lack of prefered bad spots in the x? dis-
tribution. In the 777~ squared mass projections, Fig.
6b, we see clearly that this model describes the data
well, including the the low mass region with the peak
at 0.2 GeV?/c*.
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Figure 6. Fit 2: a) x? distribution b) s12 and s13 projections
for data (error bars), fast MC (solid) and the shaded area
is the backgouhd distribution.

We used hundreds of fast MC samples to test the
accuracy of the errors estimated by the fitter. The to-
tal number of signal and backgound events of these MC
ensembles varied according to gaussian distributios cen-
tered in the values relative to our data set. The central
value of al parameters are reproduced accurately and
the width of the o(500) fraction distribution is 0.12.
To compare the ability of the two models of represent-
ing the data we used the quantity Aw = —2(L, — Lo),
where L, is calculated, for any given event sample, us-
ing the parameters listed in table 3, similarly Ly are
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calculated using the parameters of table 2. In the data
Aw = 110. In Fig. 7a the hashed area is the distri-
bution of Aw for samples of fast MC generated with
the parameters of Fit 2 (table 3). The solid line on the
same figure was obtained using fast MC samples gener-
ated with the parametes of Fit 1. The triangle marks
the data point. From this execise we conclude that the
data event distribution is compatible with the model
that includes the o(500) and is not statisticaly compat-
ible with the model that includes only well-stablished
resonat modes.

Table 3. Fit 2 for D¥ — 7t 7~ 7" decay.

mode Magnitude Fraction(%)
Phase

on™ 1.21+0.22 +0.06 44.3+9.44+2.1
(205.748.0+£5.2)°

PP (T70)rT  1(fixed) 30.54+3.142.2
0(fixed)

non-res. 0.57+0.19+0.09 9.9£7.0£2.7
(74.5£17.845.7)°

fo(980)7* 0.46+0.05+0.02 6.6+1.3+0.4
(163.3+£10.3+3.4)°

f>(1270)7T  0.8040.064-0.03 18.9+2.5+0.4
(53.3£7.542.9)°

fo(1429)7+  0.3040.0940.03 2.54+1.540.8
(107.1417.8+0.6)°

p°(1450)7+  0.190.0940.02 1.1£1.0£0.3

(339.2+27.5+10.9)°

It remains to be answered if the extra scalar reso-
nance is the only possible explanation for the data dis-
tribution. With the intention of answering this question
we tried some other models. We allowed the seventh
amplitude to be a vector, oyector O & tENSOT, Ttensor TES-
onance and we tried as well a toy Breit-Wigner without
a phase, opws2. The toy model tests the phase varia-
tion expected by a Breit-Wigner amplitude. In each
case we allowed the mass and width of the new ob-
ject to float. The vector resonance model converges to
poorly defined values of the mass and width: 719 £+ 182
MeV/c? and 1156 &+ 879 MeV/c?; the tensor model to
more poorly defined values: 2223 + 607 MeV/c? and
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—1096 + 1269; and the toy model to 431 £+ 12 MeV />
and 269435 MeV/c?. As a test of the models, we again
project the the vector, tensor, and toy models onto the
Dalitz plot and obtain x?/DOF = 194/162, 155/162,
and 158/162, respectively. For these models, we also
find Aw = 78, 16, and 31 where MC experiments pre-
dict (Aw) = 61, 51, and 27 when the data is generated
with the scalar parameters and the negatives of those
values when the MC data is generated according to the
vector, tensor, and toy model parameters, as show Figs.
6b,c and d. These statistical tests strongly exclude the
vector model. They clearly prefer the scalar model to
the tensor and toy models. Note that the central value
for the tensor mass is well above threshold for DT decay
and the negative width is an indication that no physi-
cally meaningful tensor resonance fits the data. In the
toy model, the extra amplitude interferes strongly with
a large non resonant amplitude, leading to an unphysi-
cally large sum of resonant fractions.

V Conclusion

In summary, from 1240 + 51 DT — 7~ 777" we have
measured ['(DT — 7~ nt#xT)/T(DT - K~ ntx™). In
an amplitude analysis of a sample with S:B =~ 2:1 we
find strong evidence that a scalar resonance with mass
483%26 + 17 MeV/c? and width 338%%5 4+ 21 MeV/c?
produces a decay fraction ~ 50%. Alternative explana-
tions of the data fail to describe it as well. The promi-
nence of an isoscalar + 7+ amplitude in this decay ac-
cords well with our observation that isoscalar + 7+ am-
plitudes produce a large majority of all Dy — 7~ 7tz +
decays[10].

Acknowledgements

We gratefully acknowledge the assistance of the
staffs of Fermilab and of all the participating insti-
tutions. This research was supported by the Brazil-
ian Conselho Nacional de Desenvolvimento Cientifico e
Tecnolégico, CONACyT (Mexico), the Israeli Academy
of Sciences and Humanities, the U.S. Department of
Energy, the U.S.-Israel Binational Science Foundation,
and the U.S. National Science Foundation. Fermilab is
operated by the Universities Research Association, Inc.,
under contract with the U.S. Department of Energy.



302

Brazilian Journal of Physics, vol. 30, no. 2, June, 2000

40 ¥ /ndf 1525 / 2
Constant o)
30 F Mean 2
20 E Sigma IR
10 ¢
0 L A | S = R SRR R R 3 =
-150 -100 -50 0 50 100 150
—2< I——noa—Lascalar)
X*/ndf 28.49
Constant 1.610
Mean 0.7100
Sigma 0.5358
s d .y e
-100 -75 -50 -25 0 25 50 75 100

-2 ( I—otensor_ Lascolar)

¥’ /ndf54.01
Constant

-20
- 2 ( LoBWZ - Loscolar)

0]

Mean
Sigma

-2

-50

5 0
- 2( Lavector_ I—-ascolor)
Figure 7. Aw = —2(L; — Loscalar)- In all plots the hashed histograms were obtained from Fast MC samples generated
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