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Abstract We study the Dt — K7y reaction where
the ap(980) excitation plays a dominant role. We consider
mechanisms of external and internal emission at the quark
level, hadronize the gg components into two mesons and
allow these mesons to undergo final state interaction where
the a(980) state is generated. While the ao(980) production
is the dominant term, we also find other terms in the reaction
that interfere with this production mode and, through inter-
ference with it, lead to a shape of the ag(980) significantly
different from the one observed in other experiments, with
an apparently much larger width.

1 Introduction

The D+ — K97 * 1 reaction measured by the BESTII collab-
oration in Ref. [1], and more recently in Ref. [2] with more
precision and an amplitude analysis, has turned into an ideal
reaction to isolate the a((980) contribution. The reaction is
actually D* — K%7*p, and the K is observed as a K
state. It might look at a simple sight that this reaction is just a
copy of the D® — K~z Ty reaction measured by the Belle
collaboration [3]. Indeed, one goes from the first reaction to
the second by changing a d — i quark. Yet, the differences
are striking as we shall see in the present work, comparing it
with the theoretical study of the DY — K~z reaction in
Ref. [4]. The key point to see these striking differences is the
fact that the K~z T in the D° — K~ reaction can come
from K*? excitation, but K%z with positive charge and an
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s quark cannot come from K*°, K*~. Hence, there is no K *
contribution in the DT — K%r*y reaction which makes
cleaner the ap(980) production as seen in the experiment [2].

The differences in the mass distributions in the D? —
K7ty and Dt — K7ty reactions are striking. Indeed,
in the D° — K ~7 1y reaction the K~z mass distribution
is dominated by the K*° contribution, with a sharp peak at
the K*O mass, while in the D¥ — K%ty reaction the
K97+ mass distribution is rather structureless. This is not
all, because the 77 T mass distribution in the D° — K7ty
reaction, shows indeed a peak for the ap(980) production but
has large strength at low and high invariant masses which are
replicas of the K*O resonance in the K~z T channel. Even
more striking is the shape of the K ~ 1 mass distribution which
has a double hump shape created again by the presence of
the K*0 resonance in the K7+ channel. By contrast, the
71 mass distribution in the Dt — K% 1 reaction has a
mass distribution where the a((980) dominates the spectrum
and the K %5 mass distribution has also very different shape.

It is worth mentioning that the related D® — K%7+7~,
K?rron reactions were studied prior to the experiments, pay-
ing attention to the 7 Tz~ and 77 mass distributions, pre-
dicting that a clear signal of the ap(980) should be seen in
these experiments [5].

Our purpose in the present work is to try to understand the
spectrum from the perspective that the ap(980) is a dynam-
ically generated state from the interaction of the wn, KK
channels, which is well described by the chiral unitary
approach [6-9]. For this we shall investigate the reaction
mechanism of external and internal emission [10] at the quark
level, and see how the hadronization of ¢g pairs can lead to
the production of the final state.
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Fig. 1 Mechanism with external emission at the quark level, D —
+od
Tsd

2 Formalism

We study the DT — K7+ reaction and look at the mech-
anisms for external and internal emission.

2.1 External emission

In Fig.1, we show the mechanism of external emission,
Cabibbo favoured, and in Fig. 2a the sd pair is hadronized in
the following way

sd — Y s Gigi d, 4))
i

which is easily interpreted writing the ¢;g; matrix in terms
of pseudoscalar mesons, P;;, which in the standard n — n'
mixing of Ref. [11] is given by

AN R + +
ﬁ-l-ﬁ-i-ﬁ b4 K
- 2o 0
P = T \/§+\/§+¢E K
- =) o 2
K K ﬁ—k n

@)

We ignore the 7" in our calculations as well as in Ref. [4]
since it plays no role in the reaction due to the large mass.
Hence,

0
sd — Z P3i Pir = (7’2>32 =Kt —K° % 3)

1

where the K% component has cancelled.

The combination of Eq. (3), together with the 7+ of Fig. 1,
does not lead to the desired final state K On+n. However,
through rescattering the K~ 7+ and K°7° could lead to
K. Yet, the threshold of K7 is 1040 MeV, which is about
300 MeV above the peak of the K, 6‘ (700) (the kappa), where
the K~ — KO amplitude has a reduced strength, and
because of that we shall disregard this contribution, as it was
also done in Ref. [4].

Next, with the same mechanism of Fig. 1, we look at the
hadronization of the du component, as shown in Fig. 2b. We
have now

Sy
S

(b)

Fig. 2 a Hadronization of the sd component adding a gg pair producing two mesons. b Hadronization of the du component in external emission
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Fig. 3 Diagrams for D* — K% %1 coming from external emission: a tree level; b nmt rescattering; ¢ K97+ rescattering
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ud — Zu qiqi d= Z P1i Pia = (’Pz>12

2 _
=——nmt+KTKO, )

/3

where now the 7% component has cancelled.
Hence we have now the combination

+

_ 2 + +r0) 20
H <ﬁnn +KK)K. 5)
However, there is a subtlety here concerning the K * K pro-
duction (see discussion in page 3 of Ref. [12]) because for
dynamical reasons the WK T KO vertex goes as the differ-
ence of energies of K+ K° which vanishes in the average.
However, due to the different masses of nzz T this cancella-
tion does not occur, and consequently we keep the nz+ term
and disregard the K+ K one.

We can see that the term H in Eq. (5) already contains
the K77 state at the tree level. In addition we can have
rescattering of the nr+ and also of the K7+, Once again, we
disregard the nK° rescattering for the reasons given before.
Then, the picture that we have for K%zt production is
shown in Fig. 3, including tree level and rescattering.

Analytically we have for these terms originating from
external emission

1 = C{hnﬂﬂgo
+ Iyt g0 (Gt (Miny 070 5)) -yt e+ (Miny (7))
4G gog+ Miny (KO H)) - tgo 4 gops (Ming(K'm))] }

(6)
where %, go is the weight of the nt KO component in

Eq. (5),

Myt 0 = %

and G;, t;; are the loop functions of two mesons and the
scattering matrices for the transition of channel i to channel
Jj, taken as in Ref. [4]. C in Eq. (6) is a global constant that
will be used to get the normalization of the data.

@)

2.2 Internal emission

For internal emission we have the diagrams of Fig. 4, which
account for the hadronization of quark pairs.

Following the path of subsection 2.1, we have now for the
hadronization

sd — ZS Giqi d = Z P3i Piz = (772)32

1 _
= K_7T+—ET[OKO, (8)

where the K7 terms have cancelled, and
ud — Zu Giqi d = Z Pii Pia = (7’2>12
L L

2 _
= ot KR, ©)

V3

where the 777 terms have cancelled. Summing the two
terms we have, including the 7+ in Fig. 4a and K in Fig. 4b,

) 2 )
H =K atnt - — 2%tk + = pptK°
NG Vel
+KTKK°. (10)

Once again we have a tree level nr+ K production and the
other terms can lead to this final state through rescattering,
as shown in Fig. 5.

In Fig. 5 we have disregarded the possible rescattering
of K nt — K%, K°7° - K%, K% — K%y for the
same reasons as in the former subsection. We have checked
numerically that these terms are, indeed, negligible.

Analytically we have for the diagrams of Fig. 5 corre-
sponding to internal emission

149 — ge [fznnﬂgo
+ ﬁmﬂgo [GnnJr (Minv(nn+)) gt gt (Minv(n7T+))
+ Gt o (Miny (T K) - 14 go_v o (Miny (1T K))]
+2 hgt gogo Gt go(Miny ()

i g0y Min TP ) | (11)

where the weights 4; are now

- 2
byt go = %;

and the factor 2 multiplying & x+gogo in Eq. (11) accounts
for the two K identical particles. In Eq. (11) we have put
a weight BC, conserving the global factor C. The § should
be a factor of the order of NLE (N number of colors) which
one expects from the ratio of terms from internal emission to
those of external emission.

The total amplitude for the process is now given by

hysgogo =1, (12)

t =1 4400 (13)

2.3 K{j(1430) contribution

In Ref. [2] it was found that the scalar K (1430) [/ JP =
% (0™)] state contributed to the process and showed up in the
K1 mass distribution. The process can proceed as shown in
Fig. 6.
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Fig. 4 Diagrams for internal S
emission: a hadronization of the

sd pair; b hadronization of the

ud pair c
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Q)

_ (a)
Fig. 5 Diagrams for nw+ K°
production coming from internal
emission: a tree level; b 77
rescattering; ¢ 7+ K
rescattering; d K T K°
rescattering

Dt 3(1430) "

> >
> > >

Fig. 6 Diagrammatic representation of Dt — 7K, 0 (1430) —
7t K%

We take into account this contribution phenomenologi-
cally by means of the amplitude

2
MD

t* =De'? 5 ,
3 _MKS +1MK6k FKg

(14)

where D and ¢ will be chosen as free parameters and
s13 = (pgo + Pn)2 taking the order of the particles
K°(1), 7 (2), n(3). The factor M3 is put to have D dimen-
sionless.

One may wonder whether the consideration of the K
(1430) as we do here could lead to double counting with the
other components that we consider in the work. From the
point of view that we do not generate this resonance from the
pseudoscalar—pseudoscalar interaction that we have imple-
mented, there cannot be double counting. Thus, if the res-
onance is produced in the reaction, we should implement it
empirically in addition to what we have done. We can justify
that this resonance is not generated for the pseudoscalar—
pseudoscalar interaction, because it was generated from the
vector—vector interaction in Ref. [13]. Yet, the mass was

@ Springer
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shifted somewhat with respect to the experimental one.
Its implementation by producing vectors and considering
their interaction, as we have done here for the pseudoscalar
mesons, is possible, but there is no gain in reducing the num-
ber of parameters and, as mentioned, the properties of this
resonance obtained in Ref. [13] are not too accurate. Thus,
the empirical implementation of the resonance, as done here,
is preferable.

The final amplitude will now be
r=1° 4100 4 ¥, (15)

Then in order to calculate the mass distributions, we use
the PDG standard formula [14]

er L
dsio dsys3 - (27’[)3 32 Mz) '

(16)

We can integrate over the limits of the PDG formula [14]
to get dI"/ds, integrating over s»3. Then, by cyclical per-
mutations in the formulas we can get dI"/dsy3, dI"/dsp3 and
compare with experiment [2].

2.4 Scattering amplitudes

We need the amplitudes

tﬂﬂJr’ nmts tk0ﬂ+, KOx+> ZKOK+, aty:

We use the results of Ref. [15] (Eq. (A.4) of Ref. [15]), which
considers explicitly the n — n’ mixing, and for the channels
KtK=(1), K°K°2), 7% (3) one finds the matrix elements
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of the potential Table 1 Values of the parameters from the fit
s s Parameters
Vii=—5—, Vio = ———,
H 2f2 12 4f2 C 486.90
v 3s —2m% —m? y s D 63.94
B=——""F7= 5 > 2 =—75 B 0.70
2 2
3V6f 2f ® —2.16 radians
3s — 2m2 — m? 2m?
K n L4
Vy=—"—"-"--—"" Vi3 = — . a7
2 3f2 140 . . . . . . :
3J€f f + Exp. data
. . 120F —— total
By evaluating the coupled channel 7" matrix ——  2,(980)
---- Kom*
T=[1-VG|V, as) g - K (1430) |
>
we find, considering that [x ) = —|11) of isospin, % 80
Iyt gt = byg0 pz0. (19) % 60
>
Then, taking into account that K™K~ in term of |1, I3) is *40p
KTK™ = —< Loy 4+ 2 |oo>) (20) 20
V2 V2 ’ .
we find that 0.6

tgogt ain = V2 lgtg- 70y, 1)

We also need the Kn — Kx amplitudes, which we
take from the Appendix of Ref. [4], using the channels
n_K+(1),n0K0(2),nK0(3). Once again, using isospin
coefficients and C parity CK°7+ = K%7~, we obtain

2 1 272

TROp+, RO+ = 3 Tn + 3 Ty + 3 Tiz.

Note that this amplitude has / = 3/2 and hence does not
contain the K(700).

(22)

3 Results

We have four parameters, C, 8, D, and exp(i¢), in our the-
oretical model. To determine these parameters, we perform
a best fit to the three mass distributions of K7+, K Or), and
7 n with the experimental data of Ref. [2]. The parameter
set obtained from the fit is shown in Table 1. The parameter
C provides a global normalization for external and internal
emission. The parameter 8 gives the relative weight of the
internal emission mechanism to the external emission, while
D quantifies the strength of the K (1430) contribution. Addi-
tionally, the phase exp(i¢) corresponds to the interference
between the K(1430) and other contributions, influencing
the non-trivial shapes of the various mass distributions under
consideration. In Figs. 7, 8, 9, 10, 11, 12, we illustrate the
mass distribution results obtained with the parameters from
Table 1. It is evident that our theoretical calculations closely
replicate the experimental data.

Fig. 7 The 77 mass distribution dI'/dMy+,. The total theoretical
result is shown in the red line. The contributions of the ao(980), the
KO+ scattering terms, and the K(’)‘(1430) are shown in the blue,
green, and magenta lines, respectively. The experimental data, shown
by points, are taken from Ref. [2]

140 : : : : : : :
— total
(ee)
120} tee 1
—— tlie)
100 v
N - a9(980) of t(ee)
> —— 2(980) of tlie)
2 gof 0 1
[e0]
=
7 eof 1
[
Q
>
*oaof 1
20} 1
0 .
06 07 08 09 10 11 12 13 14

M+, [GeV]

Fig. 8 The contributions of the external emission t(¢®)  the internal
emission #¢¢), and the K;(1430) (¢*) are shown for the same total
theoretical result of the 7 +7 mass distribution dI"/ dM+, asin Fig. 7.
The ao(980) contributions of the external emission ¢(¢¢) and the internal
emission 71® are also shown
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Fig. 9 The K%y mass distribution dT'/dM g, . The same as Fig. 7 but

for the K 7 mass distribution
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Fig. 10 Th_e contributions of the external emission #¢®), the internal
emission 7€), and the K;(1430) (¢*) are shown for the same total

theoretical result of the K% mass distribution dI'/dM go,, as in Fig. 9

In Fig. 7, we can see a clear peak dominating the w77
spectrum around 1.0 GeV, corresponding to the ao(980) res-
onance, which, in our model, is encoded in the z-matrix
elements by, gt and TROK+, pts defined in Egs. (19)
and (21), respectively. In contrast, both the KOt scatter-
ing term in Eq. (22) and the contributions from K (1430)
have relatively small strengths compared to the ag(980) reso-
nance, particularly around 1.0 GeV, where their correspond-
ing strengths are 8-9 times smaller. Consequently, we can
claim that the peak observed in the experiment can be identi-
fied as the ag(980) state. Furthermore, it is crucial to note that
due to interference with other contributions, particularly with
the tree level in Egs. (6) and (11), the lineshape of the a (980)
is broader than those observed in other reactions. Indeed, the
apparent width of approximately 150 MeV exceeds the range
of 50-100 MeV as stated in the PDG [14], or the width

@ Springer

Fig. 11 The K 7t mass distribution dI'/dM g, +. The same as Fig. 7
but for the K%z * mass distribution

60 T
—— total
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Fig. 12 The contributions of the external emission 1) the internal
emission #@¢ and the K;(1430) (¢*) are shown for the same total

theoretical result of the K97+ mass distribution dI'/dM go+ as in
Fig. 11

observed in the x.; — nmwTm~ decay [16] (see also Ref.
[17D).

In Fig. 8, we also show the contributions of the exter-
nal emission #(°® of Eq. (6), the internal emission ¢ of
Eq. (11), and the K§(1430) (¢*) of Eq. (14) for the total
theoretical result of the 7 ™5 mass distribution dl'/dM+,
which is the same as in Fig. 7. We can see that the inter-
nal emission #@¢) has a large contribution in our calcula-
tion, even if the parameter S is introduced as a factor of the
order of 1/N, in the internal emission. This is because of
the different contributions of the a(980) in the external and
internal emissions, which are shown in the same figure of
Fig. 8. We can also understand the reason from Eqs. (11) and
(6). The ao(980) contribution of the internal emission 7€)
comes from two terms in Eq. (11), one is the second term,
BC }_lnn+[€0Gnn+ * Iyz+, pr+. and the other one is the last
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term, BC 2 hg+gogo G+ go - Ig+ g0 7+y- The latter has a
larger contribution due to the factor 2. On the other hand, the
external emission 7(°®) has only one term contributing to the
a0(980), Chy 1+ g0 Gyt *tyzt pr+, Which is the second term
in Eq. (6).

In Fig. 9, we reproduce a double hump structure in the
KO mass distribution. The K (1430) spectrum has a peak
structure at Mgo, = Mg = 1425 MeV with the width
gy = 270 MeV as seen in Eq. (14). The hump struc-
ture comes from the interference between the K j(1430) and
ap(980) contributions. Thus, the phase exp(i¢) in Table 1
is required to be negative. The contributions of the external
emission #(¢®), the internal emission 7€), and the K5(1430)
(t*) are shown in Fig. 10. Because of the large contribution
of a9(980) as discussed above, the internal emission 7€) has
a large contribution.

Figure 11 shows no distinct peak structure in the K%z +
mass distribution, except for a broad bump around 1.25 GeV.
The K%zt spectrum also exhibits a relatively large contribu-
tion, with a discontinuity at 1.05 GeV. This behavior arises
from the cut-off mass My applied to the contribution from
the products G -t in Egs. (6) and (11), following the prescrip-
tion discussed in Refs. [4,18]. The introduction of this cut is
essential for extrapolating Gt to high energies, given that the
two-body amplitudes from the chiral unitary approach are
applicable up to about 1200 MeV. Furthermore, it is worth
noting that, as discussed in Refs. [4,18], the overall results
exhibit minimal dependence on the parameters associated
with these cuts. In this study, we adopt M, = 1050 MeV
and & = 0.0037 MeV~!. According to our findings, the
impact of M, is noticeable only in the KOt distribution.
Moreover, when exploring different values for the M, such
as 1150 MeV as shown in Sect. 3.1, we observe no significant
influence on the distribution lineshapes, except in the K7+
spectrum, where the dip shifts from 1050 MeV to 1150 MeV.
Thus, we conclude that the dip in our model is not physical,
and we could have a smooth curve in that region. The rele-
vant thing is that this change in My has little repercussion
in the K%y mass distribution and in particular in the 77
distribution, where the effects are negligible. The latter one
is the most relevant channel in the present work, where we
are concerned about the effect of the a((980) in this reaction,
and, hence, the conclusions that we draw about the effect of
the ap(980) are not affected by the mentioned uncertainties.

The contributions of the external emission #(¢®), the inter-
nal emission #(¢), and the K (1430) (¢*) for the K mass
distribution dI'/dM o, + are shown in Fig. 12.

3.1 Theoretical uncertainties
In this subsection, we show the results of several tests to

determine some uncertainties of our theoretical models to
the three mass distributions.

3.1.1 Effect of the cut mass My

Figure 13 shows the results for the considered distributions
with My fixed at 1150 MeV. Following a new fit in this
setting, we obtain the parameters C = 532.04, D = 90.28,
B = 0.70, and ¢ = —2.07 radians. As a result, while there
are noticeable changes in the strengths of individual contri-
butions, the lineshapes for the first two distributions show
only minimal differences, especially in the 7 T distribution
where the a((980) peak is evident. Conversely, the dip in the
KO+t spectrum has shifted to 1150 MeV compared to its
position in Fig. 11. As discussed earlier, this dip is directly
influenced by the parameter M,,;. Nevertheless, we observe
only slight changes in the strength and shape of the K%z +
distribution.

3.1.2 Effect of the parameter 8

The parameter 8 gives the relative weight of the internal
emission mechanism to the external emission. The value of
the parameter 8 might be expected to be of the order of
1/N,. Here we restrict the value of the 8 within [—0.33 :
0.33] and we make a fit. In Fig. 14, we show the three mass
distributions with 8 = 0.33 which is obtained from the best
fit. The parameters obtained from the fit are C = 691.80,
D =171.29, = 0.33, and ¢ = —2.29 radians. Once again,
we see that the changes are not significant.

3.1.3 Effect of the K (1430) mass

The mass of the K;(1430) has a relatively large uncer-
tainty, MK§ = 1425 + 50 MeV [14]. Here we take MK;; =
1385 MeV, which is consistent within the error bars, and
then we perform the same calculations for the three invariant
mass distributions. The parameters obtained from the fit are
C =473.34,D =57.27, B = 0.70, and ¢ = —2.39 radians.
We show the three mass distribution in Fig. 15. The resulting
calculation of the K%+ mass distribution is in better agree-
ment with the data because the peak position of K§(1430)
has moved a bit to the left from Fig. 9.

In conclusion, we can see the clear peak of the ay(980)
contribution even considering the uncertainties. We found
that the D — K%z T reaction is a good reaction to see the
peak structure of ag(980) in the 7w *1 mass distribution. Yet,
we also explained why the observed shape and width do not
correspond to those seen in other experiments, through the
interference with other terms that appear necessarily linked
to the ap(980) production in our theoretical approach.
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Fig. 13 The mass distributions of 77 (left), K% (middle), and K7+ (right) with fixed M, = 1150 MeV. The parameters C = 532.04,

D =90.28, B = 0.70, and ¢ = —2.07 radians are used
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Fig. 14 The mass distributions of 75 (left), K% (middle), and K7+ (right) with fixed M.y = 1050 MeV. The parameters C = 691.80,

D =171.29, B = 0.33, and ¢ = —2.29 radians are used
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Fig. 15 The mass distributions of 7+ (left), K%n (middle), and K7+ (right) with fixed Mgz = 1385 MeV and fixed Mcye = 1050 MeV. The
parameters C = 473.34, D = 57.27, f = 0.70, and ¢ = —2.39 radians are used

4 Conclusions

We have performed an analysis of the DT — K7+ reac-
tion based on the picture of the ap(980) resonance as dynami-
cally generated from the interaction of the w7, K K channels,
which emerges from the study of the chiral unitary approach
and has been tested in many previous reactions. We show
that this reaction is drastically different from the apparently
analogous one DY — K ~n+n, and we trace it to the absence

@ Springer

of a K* contribution in the DT — K%z reaction, while
it is the driving term in the D® — K~7%7 one. This leads
to a much cleaner signal of the ap(980) excitation in the
Dt — K97ty reaction as seen in the experiment.

In our study, we begin by looking at the dominant weak
decay modes of external and internal emission at the quark
level. Then we proceed with the hadronization of the gg
pairs into two mesons and finally we allow the meson pairs
to interact. We also take into account the contribution of the
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K ((1430) as done in the experimental analysis and fitit to the
data. Up to this empirical information and a global normal-
ization constant, our framework only depends on the relative
strength of the internal emission mechanism to the external
emission one, which is also a fit parameter, and we get aresult
barely consistent with the expected large N, reduction. With
this framework, we obtain a fair reproduction of the three
mass distributions and we observe that the driving term in
this reaction is the excitation of the a¢(980). Yet, we note
that the shape obtained has a much larger width than the one
observed in other experiments, and we trace back this fea-
ture to the interference of the dominant ap(980) excitation
with the other mechanisms that are also generated in the final
state interaction of the mesons produced, together with the
126‘(1430) excitation. This explanation is important to pre-
vent taking the present shape of the a((980) as a measure of
the width of the a((980) state, and reconcile the findings of
the DT — K%z T reaction with the shapes of the a(980)
seen in other experiments.
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