PHYSICAL REVIEW D 96, 036013 (2017)

Interference phenomena in the decay D,” — nz°z* induced
by the a{(980) - f(980) mixing

N. N. Achasov and G. N. Shestakov

Laboratory of Theoretical Physics, S. L. Sobolev Institute for Mathematics, 630090 Novosibirsk, Russia
(Received 6 April 2017; published 25 August 2017)

Using the data on the decay Dy — f((980)z" — K"K~n", we estimate the amplitude of the process
Dy = [f0(980) — (K*K~ + K°K°) — a}(980)]z" — na°z", caused by the mixing of a{(980) and
f0(980) resonances that breaks the isotopic invariance due to the K* and K° meson mass difference.
Effects of the interference of this amplitude with the amplitudes of the main mechanisms responsible for the
decay D} — naz" are analyzed. As such mechanisms, we examine the transition D} — np* — ya'z*,
which is observed in experiment, and the possible transition Dy — (a9(980)z" + ag (980)7°) — na'z*.
It is shown that the rapidly varying phase of the a3(980) — £, (980) transition amplitude strongly influences

the interference curves.
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I. INTRODUCTION

A threshold phenomenon known as the mixing of
ad(980) and f((980) resonances appreciably breaks the
isotopic invariance since the effect is proportional to
V2(Myo — Mg+)/Mgo ~0.13 in the modulus of the
amplitude [1]; see also Ref. [2]. This effect appears as
the narrow (with the width of about 2(Mgo — My+) ~
8 MeV) resonant peak between the K*K~ and K°K°
thresholds owing to the transition a3(980) - KK —
f0(980) or vice versa f((980) - KK — a$(980). There
are many proposals in the literature concerning both the
searching of the aJ(980) — f,(980) mixing and estimating
the effects related with this phenomenon; the detailed list of
references may be found, for example, in Ref. [3].

Recently, this phenomenon has been discovered
experimentally and studied with the help of detectors
VES in Protvino in z~N collisions [4,5] and BESIII in
Beijing in J/w decays [6-8]. As a result, it has become
clear [3,9,10] that the similar isospin breaking effect can
appear not only due to the a)(980) — f((980) mixing, but
also due to any mechanism of the production of the KK
pairs with the definite isospin in the S wave, X — KK —
£0(980)/ad(980) [11]. Thus, a new tool emerged to study
the production mechanism and nature of light scalars.

In the present work, we discuss, for the first time, the
possibility of the a)(980) — f((980) mixing detection in
three-body hadronic decay of the D} mesons into nz’z*.
We pay attention to the fact that the manifestation of the
isospin-breaking amplitude f((980) — KK — a(980)
can be enhanced in this decay owing to its interference
with the amplitudes of other mechanisms. The sharp and
large variation of the phase of the f((980) — a3(980)
transition amplitude (by about 90° in the region between
K*K~ and K°K" thresholds) plays an important role in the
interference phenomenon. So far, this characteristic feature
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of the af(980) — f,(980) mixing has remained in the
shadows [12-14]. By our estimates, the decay D} —
na’z* has potential for the al(980) — f,(980) mixing
detection.

II. THE a)(980) —f(980) MIXING IN D;f — ya’z*

A. The case of two mechanisms

Figure 1 shows the BABAR data [15] on the S-wave mass
spectrum of the K™K~ system produced in the decay
Dj —» K"K~z". Its shape, as well as the shape of the
S-wave ztx~ spectrum in Dy — gtz zt [16], is
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FIG. 1. The BABAR data [15] on the S-wave K*K~ mass
spectrum in the decay D} — K"K~ z*. The data correspond to
the modulus squared of the transition amplitude without the phase
space factor of the K™K~ system in Df — K™K~ z". The dotted
vertical lines show the locations of the KTK~ and K°K°
thresholds. The solid curve corresponds to the f(980) resonance
contribution described in the text.
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FIG. 2. The BABAR data [16] on the S-wave n"z~ mass
spectrum in the decay D] — ztz~z*; see also Ref. [17]. The
shape of the curve corresponds to the f((980) resonance
contribution described in the text.

approximated by the f;(980) resonance contribution (see
Figs. 1 and 2 and Ref. [17]).

The solid curves in Figs. 1 and 2 are proportional to the
modulus squared of the f;(980) resonance propagator, i.e.,
|Sk+x-* ~ 1/|Dg, (m%. - )|*, where mg: - is the invariant
mass of K™K~ in the region above the K*K~ threshold,
and [S,+,-|* ~ 1/|Dy, (m2, _)*, where m,: .- is the invari-
ant mass of 7z z~, respectively. Here the f,(980) propa-
gator, 1/Dy,, was taken from Ref. [3] without any changes.

The Particle Data Group (PDG) gives [18]

BR(D} — £,(980)z" — K*K~n") = (1.15 £ 0.32)%.
(1)

This value and its accuracy require further careful study
(see discussions of the assumptions made by BABAR [15]
and CLEO [19] with the treatment of the initial data). In
fact, in the original BABAR [15] and CLEO [19] analyses a
possible presence of the aJ(980) resonance has been
neglected so that the number given in Eq. (1) effectively
corresponds to a sum of the f,(980) and a((980) con-
tributions in the decays of the D] mesons. Therefore, we
consider the results of our analysis as some guide and hope
that the detection of the a3(980) — f,(980) mixing may
shed extra light on the mechanisms of the f,(980) and
al(980) production in D} decays.

Using Eq. (1), together with the values of the f;(980)
and a)(980) resonance parameters (see Appendix),
obtained in Ref. [3] by analyzing the BESIII data [6] on
the intensity of the a3(980) — £, (980) mixing in the decays
J/w = ¢fo(980) — ¢ao(980) — ¢gnx and y' — yx. —
7ay(980)7° = y£(980)7° — yatn~ 2% we find the fol-
lowing estimate for the branching ratio of the decay D] —
na’z* induced by the a)(980) — f((980) mixing:
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BR(D; — [f((980) — (K"K~ + K°K")
— a)(980)]z" — na’z") = 4.1 x 107%. (2)

The relevant amplitude of the transition D —
[f0(980) » (K*K~ + K°K?) — ad(980)]z" — naz" is
presented just below in Eq. (6).

The available data on the decay D — 5%z [18,20,21]
show that it proceeds predominantly via the np™ inter-
mediate state:

BR(D} — npt - na’zt) = (894+0.8)%, (3)
BR(D} — na’zt) = (9.2 + 1.2)%. (4)

Let us denote the Df — np™ — ya2" and D} —
[f0(980) — (KTK~ + K°K?) - al(980)]z" — na’z*
transition amplitudes as A,,+ and Afoal> respectively. For
the description of their dependence on the mass variables,
we use the following expressions:

— 2 2
A+ = A,]p+ (mmo, m

np et " a0x
s—1 7>
SN Ay Sy VY 7.3 5
Pt D () o1\ 16z )

Afoag = Afoag (mzﬂo) = Afoag (S)

C Hagfo (S) gigmro

= + + 5

DI D g (5)Dy, () =Ty (5) | 167
0:

(6)

where s = mf]ﬂo, = m§ﬂ+, and u = mioﬁ are the invariant
masses squared of the indicated meson pairs in the decay
Df - ya’z" (E=s+1+u=mp +2m;+my, and
here we neglect the z° and z* mass difference and put
m, = 0.135 GeV); D/,+(u), Dag(s), Dfo(s), and Hagfo(s)
are the inverse propagators of p™, a(980), fo(980) reso-
nances and the amplitude of the a)(980) — (K™K~ +
K°K®) — f(980) transition, respectively, F,(u) is the
centrifugal barrier penetration factor (formulas for all these
quantities are presented in Appendix); g,,, and Galyat ATC
the coupling constants (see also the Appendix), Cpy,,+
and Cp: .+ are the invariant amplitudes of the decays
D} — npt and Dy — f(980)z*, respectively. In so doing,
the effective vertices DY — np* andp™ — 7% are taken in
the form

VD:W//)Jr = C‘D‘\.’;'//)Jr (€;+7 Pp; + pn)’ (7)
Vp+”0”+ = g/)ltﬂ(ef)+7 Prt— pﬂo)’ (8)

where €+ is the polarization four-vector of the pt meson,
Ppts Pys Pav> and p+ are the four-momenta of the D}, n, 2,
and 7" mesons in the decay Dy — nz’z*. Hence the
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kinematical factor s — 7 in Eq. (5)is (pp+ + py» Pro = Prt)-
The amplitude Ay ,, responsible for the decay Df —
f0(980)z" — K"K~z [see Eq. (1)], is given by

Afoﬂ = Afoﬂ(m%ﬁK‘) = Afoﬂ(s)

1 92 +

oK K-
= (Cp+ . 9
Dy for* Df0<s) 167 ( )

Each invariant amplitude Cp,,+ and Cp; ¢ .+ s represented
by two real numbers, a modulus and a phase, which are
independent of the mass variables, i.e., Cp+,,+ = a; e and
Cpifort = A2 2. Such an approximation of the amplitudes
of heavy quarkonium decays with the participation of light
resonances in intermediate states is commonly used in the
data treatments (fits to experimental distributions in the Dalitz
plots), see, for example, Refs. [15,16,19]. We use this
approximation for our estimates.

Taking into account Eqs. (2) and (3), we present in
Figs. 3(a) and 3(b) the #2° and z°z" mass spectra in the
decay D} — na’z* for the case of the incoherent sum
of the contributions from the D} — np™ — na’z* and
Di = [f0(980) > (K"K~ +K°K?) - al(980)|z* — na'z*
mechanisms. The sharp peak with the width of about
2(mygo —mg+) ~8 MeV in Fig. 3(a) in the region of
K"K~ and K°K" thresholds arises owing to the a3(980) —
f0(980) mixing. Figures 3(c) and 3(d) show, as an example,
the s —u and s — ¢ Dalitz plots for approximately 10*
D} — a7z Monte Carlo events generated for the above
hypothetical case of the incoherent sum of two mecha-
nisms. As seen from Eq. (5), the s — u and s — ¢ distribu-
tions for the D — np* — na’z* decay mechanism vanish
on the dashed lines u = mj, +2mz 4+ my —2s and 1 = s
shown in Figs. 3(c) and 3(d), respectively. These lines
divide the D} — np* — na’z* events into two equal parts.
The events caused by the a)(980) — fo(980) mixing
concentrate in the vicinity of s = m;f;”o ~4m% on the

s —u and s — ¢t Dalitz plots. They make up about one-
hundredth of a half of the D} — 5p* — ya°z" events [see
Egs. (2) and (3)]. This is large for the isospin breaking
contribution which, at the first sight, could be naturally
expected to have the magnitude at the level of (m, — m,,)/m
(where my, m,,m = (my + m,)/2 are the constituent-quark
masses) or a = e”/4rn (electromagnetic constant) in the
reaction amplitude and thus at the level of 107 in the
amplitude squared.

Figures 3(e) and 3(f) show four variants of the 7z° mass
spectrum in the region of the K™K~ and K°K° thresholds
with taking into account the interference of the D] —
np™ — na’z" transition amplitude A, ,+ and the amplitude
Aj,qp caused by the ad(980) — £¢(980) mixing,

AN 0

dm o

a+(s) 2 2
nx B a_(s) |A’7ﬂ+ +Afo“8| 2m’7’f0dmﬂ°zr+' (10)
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FIG. 3. The illustration of the a3(980) — f;,(980) mixing mani-
festation in the decay Dj — na’z" against the mechanism
D} — npt — ya’zt. The solid curves in (a) and (b) show,
respectively, the nz° and z°z" mass spectra in the decay D —
na®z™ for the case of the incoherent sum of the contributions from
the D} »np* —na’z* and DY —[f;(980)— (K"K~ +K°K?) -
ad(980)|z" >naz* mechanisms. The s—u and s—1
Monte Carlo Dalitz plot distributions for this case are shown in
(c) and (d), respectively. Plots () and (f) show the 57° mass spectra
in the region of the K™ K~ and K°K° thresholds for four variants of
the interference between the amplitudes D — np™ — naz* and
Dy = [f0(980) — (KT K~ + K°K®) — a3(980)|z" — na°z" in
comparison with the incoherent case; the curves are described in
the text.

Here the integration is made over the physical region of the
: 2 _ 2 _ 2
variable m7, . = u from a_(s = mmo) to a,(s = mmo),

where

Ul (= md)(md =)
(- )

~p(s)q(s). (11)
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$) = \fmb, —2m} (s +md) + (s—mZP/(2mp), (12)

q<s>=¢s2—zs<m5+m£>+<m —m2)?/(2V5). (13)

Using the data from Egs. (1) and (3), we find
Cp:pont /Cprppr = (a2/a1)é = (4.5 GeV)E, where &=
en and @, = @, — @, is the relative phase of the
amplitudes Cp+ .+ and Cps,,+. This phase is unknown,
and to illustrate the possible interference patterns we put
@21 = 0°,£90° and 180° (respectively, & = 1, i, and —1).
The short and long dashed curves in Fig. 3(e) show the 57°
mass spectra for £ = 1 and £ = —1, respectively. The dotted
curve in this figure shows the contribution from the
amplitude A, ,+ only, and the solid curve corresponds to
the above case of the incoherent sum of two mechanisms.
The solid and dotted curves in Fig. 3(f) show the same as in
Fig. 3(e), and the short and long dash curves illustrate the
interference patterns corresponding to £ =i and & = —
respectively.

Note that the interference of Ay, with the other con-
tributions will be practically always essential (see Figs. 3(e)
and 3(f)) in consequence of the sharp change of the phase of
the ad(980) — £¢(980) transition amplitude I, 7, (s) by
about 90° in the region between K+ K~ and K°K? thresholds
[3,13,14], where the modulus of Il (s) is maximal and

approximately constant (see Appendix for details).

B. The case of three mechanisms

In principle, the decay D — #2727 can proceed not only
via the np™ intermediate state but also via the (ay(980)z)"
production, D] — [aj (980)x° + a{(980)z "] — na’z".
However, such a transition should be expected to be small.
Based on the data quoted in Egs. (3) and (4), we put
BR(D{ — (a((980)z)" — na'zt) ~ 1% as a very rough
upper estimate. Note that by our estimate the relevant upper
limit for BR(D] — a)(980)z" —» K*K=z") is ~0.1%.
This estimate consists with the initial dominance of the
f0(980) resonance in the decay D — f,(980)z" —
KtK~n" (see Eq. (1) and the discussion after it, and
also Ref. [22]).

Thus, we have three interfering mechanisms of the decay
D} — na’z*. The corresponding decay amplitude is

Api et = At + A0 + Aggrs (14)
where the amplitude A, , describes the transition
Df — (ag(980)x)" — na’z*. Like A,,- [see Eq. (5)],
the amplitude A, , has to be antisymmetric with respect
to permutation of the s and ¢ variables [23]. Taking this into
account, we approximate the amplitude A, , by the
following expression,
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Aaon: Aaon:(m 0 mi;ﬁ) = Aaoﬂ(s7 t)
2

1 1 [/ p—
= Cpi 0+ - Qo (15
[Dag(s) DgoJ 6> %

a

where the production amplitude Cp: .+ = aze'”s is
assumed to be the s- and z-independent complex constant.
Note that any coherent sum of the amplitudes A,,+ and A, .
gives the symmetric distribution of the 7z°z* events in the
s —t Dalitz plot relative to the ¢ = s line. The isospin-
breaking amplitude Ay o = Ay o(s) caused by the
a(980) — £¢(980) mixing depends exclusively on s and
therefore is responsible for the asymmetry of the distribu-
tion of the 77’z events in the s — ¢ Dalitz plot (relative to
the r = s line).

By our estimate CD+aoﬂ+/CD+ ot = (az/a))é' ~
(1.65 GeV)¢&, where & = e "and @31 = @3 — @ is an
unknown relative phase of the amplitudes CDmg,ﬁ and
Cpzyp+- We examined 16 variants of the interference patterns
corresponding to different combinations of the relative phase
values ¢,; = 0°, £90°, 180° and ¢5; = 0°, £90°, 180° or
parameters £ = 1, i, —1 and & = 1, £i, —1. To illustrate
possible manifestations of the a)(980) — £((980) mixing
effect, we chose 4 of them with (£,&) = (i,-1), (=1,1),
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FIG. 4. The illustration of possible manifestations of the
af(980) — £¢(980) mixing effect in the decay D] — na’z" for
the case of three interfering mechanisms. The solid curves in (a) and
(c) show the mass spectra dN, 0 /dm, o calculated with the use of
Eqgs. (14) and (16) for two sets of the relative phases indicated in the
plots. The corresponding s — t Monte Carlo Dalitz plot distribu-
tions (~|A DY syt |?) are shown in (b) and (d). The mass spectra
without the contribution of the amplitude A . 4 are shownin (a) and

(c) by the dotted curves (see Fig. 5 for details).
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(1,7), and (1,—1). The solid curves in Figs. 4(a) and 4(c)
show the #7° mass spectra,

dN 720 ay(s)

Wzﬂo = L_(S) |AD;r_mﬂ0”+|22mnﬂ0dmi0”+, (16)
calculated with the use of Egs. (5), (6), (11)—(15). The
corresponding distributions of the Monte Carlo events
(~|Ap: _ypog+|?) in the s —¢ Dalitz plots are shown in
Figs. 4(b) and 4(d). The variant represented in Figs. 4(a)
and 4(b) corresponds to combination (&, &) = (i,—1) for
which the influence of the a$(980) — f(980) mixing seems
most appreciable. The variant represented in Figs. 4(c) and
4(d) corresponds to combination (&,&) = (—1,1). In this
case, the nz° mass spectrum demonstrates a small narrow
peak located on the smooth background in the region of the
KK thresholds [see Fig. 4(c)]. Nevertheless, the asymmetry
effect is clearly visible in the Dalitz plot [see Fig. 4(d)]
(though it almost collapses in the #z° projection). The mass
spectra dN,,0/dm,» in the a(980) resonance region are
presented in more detail in Fig 5 for variants with
(£.&) = (i,—1), (=1,1), (1,i), and (1,—1). The dotted
curves in Figs. 4(a), 4(c), and 5 correspond to the mass
spectra dN, 0 /dm, 0 without the contribution of the ampli-
tude Ay 0. Note that the asymmetry in the s — 7 Dalitz plot

0

distributions relative to the ¢t = s line (see Fig. 4) manifests
itself in all considered 16 variants.
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FIG. 5. The solid curves in plots (a), (c) and (b), (d) show the

nz° mass spectra in the a8(980) resonance region corresponding
to the interference variants with (&,&) = (i,—1), (=1, 1) [see
Figs. 4(a) and 4(c)] and (1,{), (1,—1), respectively. The dotted
curves correspond the mass spectra without the contribution of
the amplitude Afoad-
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Detecting signs of the D — [a)(980)z " +ag (980)7"] —
na’z+ decay mechanisms is one of the interesting problems
both for the weak hadronic decay physics of the D" meson
and for the physics of the light scalar a((980) and f(980)
mesons. At present, intensive investigations in these lines
are realized by the LHCb, BABAR, CLEO, Belle, and
BESIII Collaborations (see, for example, recent reviews
[18,24-26]).

III. CONCLUSION AND DISCUSSION

Light meson spectroscopy from hadronic charm meson
decays (in particular, study of the a$(980) and f,(980)
resonances) is one of the main lines of the LHCb program on
charm physics [24,25]. It is hoped that the measurements of
the D] meson decays with huge statistics, really reachable at
LHCb, will allow us to reveal the isospin breaking effect
caused by the a)(980) — f((980) mixing in the D] —
nz°z* channel and obtain new information on the production
mechanisms and nature of the light scalar mesons.

Note that the investigations of the aJ(980) — f,(980)
mixing in three-body decays of the D° meson, such as
D° - Kdntn~, D°— Kna®, D°— K°K-K*, D°—
K~K*2% and D° — n* 72", are also promising and inter-
esting. These decays differ appreciably from those of the D
meson. We hope to present detailed estimates for the case of
the D° decays elsewhere in the near future.

Note also that the a)(980) — f((980) mixing in the
semileptonic  decays D} — [z, zzletv has been
discussed recently in Ref. [27].
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APPENDIX: PROPAGATORS AND a{(980)—f,(980)
MIXING AMPLITUDE

The inverse propagator of the p* meson in Eq. (5) is
D, (u) :mz—u—i\/ﬁfp(u), (A1)
where T, (u) = (m3/u)Tlq(u)/q(m2) PF3(u). F3(u) =
[+ rpg®(mp)l/[1+ rpq* ()], 1, =5GeV™!,  g(u)=
Vu—4mz/2, m,=0.775 GeV, T, = 0.148 GeV, ¢,/
(4r) = 2.8 [18].

The al(980) — £¢(980) mixing amplitude in Eq. (6),
caused by the diagrams shown in Fig. 6, has the form

K+ Ko
ag fo ag : fo
+
K- i

FIG. 6. The KK loop mechanism of the a)(980)—f,(980)
mixing.
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My (5) = S5 i)
—progo(s)) — pKﬂ;(S) In i i—"sz[[: Ej))
pragels) 1+ pago(s)
e e

where s (the square of the invariant virtual mass of scalar

resonances) > 4mz, and pgg(s) = /1 —4mg/s; in the
region 0 <s <4m%, pgr(s) should be replaced by
ilpxk(s)|- The modulus and the phase of Il (s) are

shown in Fig. 7. Since I, (s) is not small between the

KK thresholds, all orders of the a)(980) — f(980) mixing
has been taken into account in Eq. (6) for the amplitude
Afa, [1-3].
In Eq. (6), D,(s) is the inverse propagator of the unmixed
resonance r [r = al(980), f(980)] with the mass m,.,
D,(s) = m? —s+ZReH“” 2) -

I (s)].  (A3)

ab = (nz°, K K=, K°K°, /z°) for r = af(980) and ab =
(nta=, 7°72° KTK=, K°K®, nn) for r= f,(980); TI#(s)
stands for the dlagonal matrix element of the polarization
operator of the resonance r corresponding to the contri-
bution of the ab intermediate state [28].

At s > (m, +my)?,

). (=)
gra Mg, M,
10

Hab
)= 167 s m,
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where g¢,,, is the coupling constant of r with ab,

Pab(s):\/s—mg)z\/s_ (£)

EI;,)z/s m,,’ =m,+tm,, and
m, > mpy; mHab< ) \/_Fr—mb(s) - (g%ab/16”)pab(s)'
At m((l;)z <s< mgﬂ

+).. (=)
— @ My Myp ln@

Hab
() 167 s m,

~Pab (S)

where p,, (s \/ m, \/

), (=)

a
1 ——arctan *———| |,
ya —
s —m,,

mi;)z/s. At s < mi;

grab My Mep mb
I1eb —40__4% 1p
) = 167 zs m,
s /o
+pap(s)—1In . (A6)
\/mmz w2 _
ab ab
where p (s \/me - S\/mab —s/s.

The propagators 1/D o O(S) and 1/Dy (s) constructed

with taking into account the finite width corrections [see
Egs. (A3)-(A6)] satisfy the Kéllén-Lehman representation
in the wide domain of coupling constants of the scalar
mesons with two-particle states and, due to this fact,
provide the normalization of the total decay probability
to unity: > ,BR(r — ab) =1 [29].

Here we use the numerical estimates of the coupling
constants g7, ,,/ (167) and gigub /(167) obtained in Ref. [3]

2 2
gfoﬂ” 3gf0ﬂ+ﬂ’ 2
O =20 = —(.098 GeV-, A7
léz 2 16z ¢ (A7)
Sk T
foKK __ A JfoKTK~ 2
=2 = 0.4 GeV~, A8
167 167 © (A8)
Ut _ 5 Gov? A9
16z e (49)
2 2
Joxk kK-
ofK _ 574 =0.5 GeV>. Al0
167 167z © ( )
As in Ref. [3], we fix mg = 0.985 GeV, me, =

0.985 GeV and set gign,ﬂo = 923:1”0 and g7 =
by the ¢°g* model, see, e.g., Refs. [2,30].

2
9tk K-
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