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We make a direct and model-independent measurement of the low 77~ mass phase motion in the D™ —
7~ ntnt decay. Our preliminary results show a strong phase variation, compatible with the isoscalar o(500)
meson. This result confirms our previous result [1] where we found evidence for the existence of this scalar
particle using full Dditz-plot analysis. We apply the Amplitude Difference (AD) method [2] to the same
Fermilab E791 data sample used in the preceding analysis. We also give an example of how we extract the
phase motion of the scalar amplitude, looking at the f5(980) in D — 7~ 7tz decay.

1 Introduction

Fermilab experiment E791, with a full Dalitz plot analy-
sis, showed strong evidence for the existence of light and
broad scalar resonances in charm D meson decay [1, 3].
The =7~ resonance is compatible with the isoscalar me-
son ¢(500), and was observed in the Cabbibo-suppressed
decay DT — m—wTat . To get a good fit quality in this
analysis, it was necessary to include an extra scalar particle,
other than the well established dipion resonances [4]. For
the new state, modeled by a Breit-Wigner amplitude, it was
measured a mass and width of 47833 + 17 MeV/c? and
324792 + 21 MeV/c*respectively . The DT — o(500)7+
decay contribution is dominant, accounting for approxima-
tely half of this particular Dt — 7~ 7tzt decay. We
found aso evidence for ascalar K ~«* resonance, or «, in
the Cabibbo-allowed decay D+ — K ~n+x* [3]. Further
studies about « are discussed in this proceeding [5].

Infull Dalitz plot analyses, each possible resonance am-
plitudeis represented by a Breit-Wigner function multiplied
by angular distributions associated with the spin of the re-
sonance. The various contributions are combined in a cohe-
rent sum with complex coefficients that are extracted from
maximum likelihood fits to the data. The absolute value of
the coefficients are related to the relative fraction of each
contribution and the phases take into account the final state
interaction (FSI) between the resonance and the third pion.

Dueto theimportance of this scalar meson in many areas
of particle and nuclear physics, it is desirable to be able to
confirm the amplitude’s phase motion in a direct observa-
tion, without having to assume, a priori, the Breit-Wigner
phase approximation for low-mass and broad resonances
[6, 7, 8]. Recently, a method was proposed to extract the
phase motion of a complex amplitude in three body heavy

meson decays [2]. The phase variation of a complex ampli-
tude can be directly revealed through the interferencein the
Dalitz-plot region where it crosses with a well established
resonant state, represented by a Breit-Wigner.

Here we begin with a simple example, showing that the
AD method can be applied to extract the resonant phase mo-
tion of the scalar amplitude due to the resonance f,(980),
using the same f,(980) resonancein the crossing channel in
the Dalitz plot of the decay D — 7~ #tn* using E791
data[9]. This example shows the ability of this method to
extract the phase motion of an amplitude. Then we apply
the AD method using the well known f2(1270) tensor me-
son in the crossing channel, as the base resonance, to extract
the phase motion of the scalar low mass w7 amplitude in
Dt — 7~ xtxT , confirming the o(500) suggested by the
E791 full Dadlitz plot analysis[1].

2 Extracting fy(980) phase motion
with the AD method.

Fromtheoriginal 2x 10 event data collected in 1991/92 by
Fermilab experiment E791 from 500GeV/c m~ — nucleon
interactions [10], and after reconstruction and selection cri-
teria, we obtained the 7 =77 sample shown in Fig. 1.
To study the resonant structure of these three-body decays
we consider the 1686 events with invariant mass between
1.85 and 1.89 GeV/c?, for the Dt analysis and the 937
events with invariant mass between 1.95 and 1.99 GeV/c?
for the D. Fig. 2(a) shows the Ddlitz-plot for the D —
7~ rtaT selected events and Fig. 2(b) the Dalitz-plot for
Dt — nm—ntxT events. The two axes are the squared
invariant-mass combinationsfor = ~7+, and the plot is sym-
metrical with respect to the two identical pions.
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Figure 1. The w7« invariant mass spectrum. The dashed line represents the total background. Events used for the Dalitz analyses are

in the hatched areas.
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Figure 2. (@) The D — 7~ n"# T Ddlitz plot and (b) the D* — 7~ 7 Tx ™ Dalitz plot. Since there are two identical pions, the plots are

symmetrical.

We can see in Fig. 2(a) the scalar f((980) in s12, the
sguare invariant mass, crossing the f,(980) in s13, forming
an interference region around s 13 = s15 = 0.95GeV?2. The
AD method uses the interference region, between two cros-
sing resonances, to extract the phase motion of one of them,
and Final State Interaction (FSI) phase, provided that the se-
cond is represented by a Breit-Wigner [2]. In fact we are
using a Bootstrap approach; that is, using awell established
resonance f,(980) in s12 to extract its phase motionin s3.

It is anice and didactic example to show the ability of this
method to extract the phase motion of an amplitude and the
FSI phase within the E791 data sample.

The coherent amplitude to describe the crossing between
a well known scalar resonance, represented by a Breit-
Wigner in s12, and a complex amplitude under study in s 3
in alimited region of the phase space, where we can neglect
any other contributions, is given by:

A(s12,813) = apBW(s12) + as/(p*/\/513)sin5(813)ei(5(513HV) Q)
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wherep* //s, 5 is aphase space factor to make this des-
cription compatible with w7 scattering, - is the fina state
interaction (FSI) phase difference between the two amplitu-
des, ar and a, are respectively the real magnitudes of the
resonance and the under-study complex amplitude. Finaly
sind(s13)e*(*13) represents the most general amplitude for
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atwo-body hadronic interaction.
The Breit Wigner distribution is given by:

molg

BW = —

mg — s —imel'(m)

Taking the amplitude square of Equation 1 we get:

| A(s12, s13) [2= a% | BWjy(980)(s12) > +a2/p*?/s13 sin®5(s13)
2arasmolosind(s13)/(p* /\/513)

m3 — s12)2 + m2I'2(s12)

x[(m3 — s12)cos(3(s13) +7) + moTosin(d(s13) + )] 2

Since the Breit-Wigner is approximately symmetrical
around m for the narrow f((980) resonance as we can see
in Fig. 3, we can divide our f,(980) mass distribution in
two pieces, onefor m + € and the other with my — €. From
Equation 2 and noticing that the non-crossing Breit-Wigner
modul e square term will cancel we can write:

1 1.05 1.1 115 1.2 1.25

Figure 3. f5(980) s12 distribution, divided in mq + € (black) and
mo — e (hatch)

A / A2 = AR+ e, s13) [ — | A(m3 — e,513) [=

—4dagasmolo/(p*/v/s15)€
€2 +malr3

(sin(20(s13) +v) — siny) (3)

Only the real part of the interference term in Equation 2 re-
mains.

To extract the phase motion of the scalar amplitude in
s13 through the f4(980) in s, represented by a Breit-
Wigner, wetook the eventsin s 1, between 0.7 and 1.2 GeV 2
and divided them into two bins, as presented in Fig. 3. The

[

s13 distribution for the events of the s region integrated
between 0.95 and 1.2 GeV 2, is shown in Fig. 4a and the
same in Fig.4b for events integrated between 0.7 and 0.95
GeV?2.
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Figure 4. 513 distribution. &) For events fsg““ | A(s12,513) |?

2
ds12. b) For events f%ﬂ_e | A(s12, s13) |? dsia.

We can see that the peaks in these two plots are in dif-
ferent s13 positions. The subtraction of these distributions,
corresponds to the integration of Equation 3, that we can
write as:

A/A2 ~ —C(sin(26(s13) + v) — sinvy) 4)

Where C is a constant factor coming from the constant and
integrated factors of Equation 3, to be determined from data.
The variation of the phase space in the integral was consi-
dered negligiblefor the f((980) resonance. A [ .A? directly
reflects the behavior of §(s13). A constant A | A |? would
imply constant 6(s13). This would be the case for a non-
resonant contribution. The same way a slow phase motion
will produce aslowly varying A | A |2 and afull resonance
phase motion produces a clear signaturein A | A |? with
the presence of zero, maximum and minimum val ues.

The subtracted distribution, corresponding to Equa-
tion 4, is shown in Fig.5. There is a significant diffe-
rence between the minimum (bin3) and maximum (bin4) of
A [ A2
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Figure5. s13 distribution of A [ A%ds1a.

We can see in Equation 4 that the zeros occur when
§(s13) =0°, 180° or /2 — ~. In Fig. 5 we can see a zero
at s13 near 0.5GeV 2, another one at s;53 = 0.95GeV?2 and a
third zero near 1.4GeV 2. Assuming 6(s;3) is an analytical
function of s13, Equation 4 allow us to set the two following
conditions at the maximum and minimum valuesof A [ A?
respectively:

A‘/"4777,17@ — sin 25(513) + 'Y) -1 (5)

A/Afnm — sin(20(s13) +7v) =1 (6)

With these two conditions we get C and ~, calculated
from the maximum and minimum values of the A [ .42 dis-
tributionin Fig. 5:

A/Amam _ A/Amm)/Z ©

A f Amam +A f ‘Am in ) (8)
Af‘A - Af‘Amam

From Fig. 5 and using the eguations above, we measure
~v = —0.15+0.31, that is compatiblewith zero, as should be
since we are crossing the same resonances with, of course,
the same final state interaction phase.

With the above conditions we solve Equation 4 for
5(813):

v = sin~(
min

., 1 .

d(s13) = 5 (sin 1(5A | A(s13) |2 +sin(v)) =) (9
Assuming that §(s13) is an increasing function of s;3,

we can extract directly the §(s13) value from each bin of

Fig. 5. creating the f(980) phase motion shown in Fig. 6.

The errorsin the plot were produced by generating statisti-

cally compatible experiments, allowing each bin of f’"OJrE

.A(Slg, 813 |2 (Flg 43) and fmo | .A(Slg, 813 |2 (Flg4b)

mao—€

1401

to fluctuate randomly following a Poisson law. We then
solve the problem for each “ experiment”. The error in each
bin of 6(s13) will bethe RMS of the distributions generated
by the " experiments”.
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Figure 6. §(s13) plot with the errors.

From Fig. 6 we can see what one could expect, that is
the scalar amplitude near 970GeV with a phase motion of
about 180° degrees. This example demonstrates the ability
of AD method to extract the phase motion of an amplitude
with E791 statistics.

3 Extracting the scalar low mass 7r
amplitude phase motion with the
AD method.

In the preceding section, we showed how to apply the AD
method to extract the phase motion of an amplitude, from
nonleptonic charm-meson three-body decay. Here we apply
the same method to extract the phase maotion of the scalar
low-mass 77 amplitudein D™ — 77t 7T decay, where
we previoudy found strong experimental evidence for the
existence of a light and broad isoscalar resonance [1]. To
start this analysis, we have to decide what is the best well-
known resonance to be used for crossing the low mass am-
plitude under study. Taking alook at Fig. 2b we can see the
signature of three resonancesthat in principle could be used,
the p(770), fo(980) and f»(1270). In fact, the E791 analy-
sis of this Dalitz plot found a significant contribution from
these threeresonancesin D+ — 7~ x+ 7+ decay [1]. Since
this DT decay is symmetric for the exchange of the 7+ me-
son, each resonance in s12 is present also in s;3. Then if
we use p(770) as the base resonance in s12, we have also
the presence of the p(770) in same mass square distribution
of the o(500) in s13. The proximity of the p(770) with the
o(500), both broad resonances, creates an overlap between
them such that we are not able to separate the phase motion
of one from the other. We could use the f((980) as a base
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resonance, but again the presence of the p(770) overlapping
with the o(500) creates the same problem.

There remains only the tensor meson f(1270) candi-
date at m% = 1.61GeV?2, which is placed where the p(770)
contribution reaches a minimum due the angular distribu-
tion in the middle of the Dalitz plot, as we can see from the

]
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Dt — p(770)7* decay Monte Carlo simulation shown in
Fig. 7.

The amplitude for the crossing of the f5(1270) in s12
and the complex amplitude under study in s;3 is given in
the same way asin Equation 1:

Als12,513) = ar - BWp, (1270 (512) jZQMfz(um)(Su, 513) + (10)
+ aS/(p*/\/ng) 8@%5(813) ei(5(513)+'y)

15000 —

10000 —

5000 —

Figure 7. MC p(770) distribution in D* — 77tz decay.
There islittle contribution between 1.2 to 1.8GeV?2.

Where jZQMfQ(mo)(su, s13) Is the angular function for
the f2(1270) tensor resonance. The amplitude under study
represents the scalar low mass 7 amplitude in a limited
region of the phase space, where we can neglect the other
amplitude contributions.

Both the width T'(s;2) and the angular function
I=2 My, (1270) from this resonance produce asymmetries in
s12 and consequently we can not use the nominal f5(1270)
mass to divide our sample into two dices, as we did for the
f0(980) example. So we performed a Monte Carlo study to
determine the effective mass we must use. The s, Monte
Carlo projection of the f2(1270) in D¥ — 7= 7t de-
cay is shown in Fig. 8. We can see the asymmetry created
around the nominal f3(1270) massvaluedueto I'(s;2) and
I=2 M, (1270) contributionsto the amplitude.

1000 —

800

600

200

1.7 8

Sﬂ@
Figure8. Monte Carlo f2(1270) s12 distribution, divided in mo+e
(black) and mo — ¢ (hatch)

Here we require an effective mass squared (m. 5 ¢), such
that the number of events integrated between m? sp and
m? s T eisequal, by construction, to the number of events
integrated between m?2,, and m?; ; — e. We choose, using
the f2(1270) Monte Carlo distribution, a mass of mgff =

1.535GeV?, within £0.26GeV? !, in such way that we can
write:

mepste ._
/2 | BWy, (1270) (512) = Mg, (1270) |* ds12 =
T'LES f
i "
| BWy,(1270) (512)=> Mg, (1270) |7 ds12 (11)

mefffe

The effective mass squared m.yy and the separation
between m? ; + ¢ (black) and m?; ; — ¢ (hatch) are shown
inFig. 8.

The 752 M, 1270y function in sy3 is presented in
Fig. 9°. The distribution between m?;; and m2;; + € is
shown in Fig. 9a, for eventsbetween m?  andm?;; — ¢

Lwithin this mass region, the amount of p(770) events was estimate to be around 5%
2Since we divided our data sample by this function, we represent this function in a histogram with the same binning of data.
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Figure 9. Fast MC 7=> M y, (1270, distribution in s13. &) For events

between m?;; and mZ;; + . b) For events between m?;; and
2

meff — €.

in Fig. 9b. We can see that these two plots are digh-
tly different. However we considered the approximation
TZ2M, 970y (813) ~ TZ2M (1970 (513) and teke an ave-
rage function /=2 M, (1270) (s13). Another important effect,
that we had to take into account, is the zero of this function
at 513 = 0.48GeV?2. Below we discuss the consequences of
that in the AD method.

With the above considerations about the f2(1270) in s12
and s13 we can write the integrated amplitude-square diffe-
rence as.

| A(s12,513) |* ds12

~ —C(sin(28(s13) +7) — siny) =2 M, 1270y (s13)/(p*/V/313) (12)

o bt

0.2

P
0.4 06 5,08

o L

0.2

0.4

P I
0.6 0.8
Sis

m%«l»e |

Figure 10. Events distributions in si13, a) for events [
0

m,

m2
A(5127813) |2 dsi2, b) For a/entsfmgo_s | A(5127813) |2 dsio.

This Equation is similar to Equation 4, with an extra an-
gular function term /=2 M £, (1270) (s13) *

The background and the acceptance are similar between
mZ,, and m?;, + e and m?,, and m?;, — e. Since we
are subtracting these two distri{:)utions, we do not take into
account these effectsin our analysis.

The [ A2 in s3, for events integrated in so between
mZ;; = 1.535GeV? andm?Z, , +eandm?, , andm?; ; —e,
with e = 0.26GeV? are presented in Fig. 10aand b respec-
tively.

Subtracting these two histograms, in the same way we
did for the f,(980) example, givesthe A [ .A? of the Equa-
tion 12. Theresultisshownin Fig. 11.

Here we can not extract directly the phase motion from
Fig. 11, aswedid for the f;(980) example using the condi-
tions5 and 6. We haveto dividethe A [ A2 by M (average
of the distributions in Figs. 9a and b) and multiply by p’,

since phase space here is an important effect. By doing this
the only s13 dependence of the right hand side of Equation
12isin §(s13). However, aswe could seein Fig.9, thereisa
zero about 0.48GeV 2 in the angular function, which means
asingularity around thisvaluein A [ .42/ M. To avoid this
singularity, we first produced a binning in such a way that
the singularity is placed in the middle of onebin. In Fig. 12
we show the A [ A? by M distribution. We can seethat the
6th bin (around 0.48GeV 2), has a huge error, that corres-
pondsto the bin of the singularity. Dueto the singularity we
decided not to use this region (bin 6) further in thisanalysis.
The consequences of this choice are going to be taken care
of in systematic error studies. In any case, the singularity

30

T

P N T I I S T R
0.1 0.2 0.3 04 0.5 0.6 0.7 08
si’

Figure 11. 5,3 distribution for A [ A%

3For short we shall use, from here onI=2M ¢, (1270) (513) = M andp*//s,3 = p'.
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Figure 12. s distribution for A [ A% p/ /M.

could only affect the position of the minimum of Fig. 12. It
does not interfere with the general feature of starting at zero,
having statistically significant maximum and minimum va-
lues, and coming back to zero, indicating a strong phase va-
riation. Bins 2 and 5 are respectively the maximum and mi-
nimum value of A [ A%p’/ M of Fig. 12 where we use the
Equation 5 and 6 conditions.

With the same assumptions used for the f,(980), that is
d(s13) is an anaytical and increasing function of s3, and
using Equation 7, 8 and 9 (multiplied by p’ and divided by
M), we can extract v and §(s13) from Fig. 12. For the
FSI phase we found v = 3.26 + 0.33, that is somewhat
bigger than found by the E791 full Dalitz-plot analysis [1]
(Ypatit = 2.59 £ 0.19). The fact that we used the effec-
tive mass for the f5(1270) = 1.535 GeV? instead of the no-
minal mass is responsable for the shift observed in the re-
lative phase. To verify this statement we generated 1000
samples of fast-MC, with only two amplitudes, f2(1270)
and ¢(500). For both we used Briet-Wigner functions and
the E791 parameters. We generated the phase difference of
2.59 rad, measured by the E791. For these 1000 samples,
we measure v using the method presented here. The result
has a mean value of 3.07. We can say that the difference
between the generated and measured ~ value is a correction
factor due to the use of an effective mass. Using this off-
set factor ( 2.59 - 3.07 = -0.48) we correct the measurement
v =3.26 £+ 0.33 10 Yeorr = 2.78 4+ 0.33. So the observed
difference between Dalitz analysis and the v.....,- arein good
agreement, with a difference below one standard deviation.

The 6(s13) was extracted bin by bin, with the same
approach for the errors used in the f((980) example, and
we got the distribution shown in Fig. 13%. We can see a
strong phase variation of about 180° around the mass for
the o(500), showing a phase motion compatible with a re-
sonance.
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Figure 13. Phase motion §(s13) distribution for the scalar low mass
w amplitude, with the errors.

4 Conclusions

We showed that the AD method can be applied to E791 data
to extract the phase motion of the resonance f,(980) in the
Dalitz plot of thedecay D} — = =ntnt . This example
demonstrates the ability of this method to extract the phase
motion of aresonance amplitude.

Preliminary E791 results present a direct and model-
independent approach, obtained with the AD method, and
confirms our previous result of the evidence of an impor-
tant contribution of the isoscalar #(500) meson in D+ —
n-mtrT decay [1]. We use the well known f(1270) ten-
sor meson in the crossing channel, as the base resonance, to
extract the phase motion of the low mass wx scalar ampli-
tude. We obtain a§(s13) variation of about 180° consistent
with a resonant o(500) contribution. We also obtain good
agreement between the FSI ...~ observed with AD method
and the v observed in the full Dalitz plot analysis.
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