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The decays D — dite™v — a5 (980)e"v — 2~ netvand D — dde*v — af(980)e*v — 2°netv (and
the charge conjugated ones) are the direct probe of the constituent two-quark components in the ag (980)
and a(980) wave functions. The recent BESIII experiment is the first step in the experimental study of
these decays. We suggest adequate formulas for the data analysis and present a variant of # invariant mass
distribution when a((980) has no constituent two-quark component at all.
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I. INTRODUCTION

The a((980) and f,(980) mesons are well-established
parts of the assumed light scalar meson nonet [1]. From the
beginning, the a,(980) and f(980) mesons became one of
the central problems of nonperturbative QCD, as they are
important for understanding the way chiral symmetry is
realized in the low-energy region and, consequently, for
understanding confinement. Many experimental and theo-
retical papers have been devoted to this subject.

There is much evidence that supports the four-quark
model of light scalar mesons [2,3].

The suppression of the a)(980) and f((980) resonances
in the yy — nz° and yy — &z reactions, respectively, was
predicted in the four-quark model in 1982 [4], Fag

[f.y ®0.27 keV, and confirmed by experiment [1]. The
high quality Belle data [5,6] allowed one to elucidate the
mechanisms of the ¢(600), f((980), and a)(980) reso-
nance production in yy collisions [7,8]. Light scalar mesons
are produced in yy collisions mainly via rescatterings,
that is, via the four-quark transitions. As for a,(1320) and
f2(1270) (the well-known two-quark states), they are
produced mainly via the two-quark transitions (direct
couplings with yy).

The argument in favor of the four-quark nature of
ay(980) and f(980) is the fact that the ¢(1020) — aly
and ¢(1020) - foy decays go through the kaon loop:
¢ — KK~ - ay, ¢ > K"K~ — foy, i.e., via the four-
quark transition [9-13]. The kaon-loop model was
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suggested in Ref. [9] and confirmed by experiment ten
years later [14-16].

It was shown in Ref. [10] that the production of a)(980)
and £(980) in ¢ — ady » na’ and ¢ — foy — 2°2%
decays is caused by the four-quark transitions, resulting in
strong restrictions on the large-N - expansions of the decay
amplitudes. The analysis showed that these constraints give
new evidence in favor of the four-quark nature of the
ay(980) and f((980) mesons.

In Refs. [17,18] it was shown that the description of the
¢ — K"K~ - ya(980)/f0(980) decays requires virtual
momenta of K(K) greater than 2 GeV, while in the case of
loose molecules with a binding energy about 20 MeV,
they would have to be about 100 MeV. Besides, it should be
noted that the production of scalar mesons in the pion-
nucleon collisions with large momentum transfers also
points to their compactness [19].

It was also shown in Refs. [20,21] that the linear S; (2) x
S&(2) o model [22] reflects all of the main features of low-
energy nmw — nm and yy — zz reactions up to energy
0.8 GeV and agrees with the four-quark nature of the o
meson. This allowed for the development of a phenom-
enological model with the right analytical properties in the
complex s plane that took into account the linear 6 model,
the ¢(600) — f((980) mixing, and the background [23].
This background has a left cut inspired by crossing
symmetry, and the resulting amplitude agrees with results
obtained using the chiral expansion, dispersion relations,
and the Roy equation [24], as well as with the four-quark
nature of the #(600) and f,(980) mesons. This model well
describes the experimental data on zz — 7zz scattering up
to 1.2 GeV.

Moreover, the suppression of J/w — yf,(980),
pay(980), @fy(980) decays in the presence of intense
Iy = 1£2(1270), 7f5(1525). pas(1320), wf5(1270)
decays is at variance with the P-wave two-quark structure
of ay(980) and f(980) resonances [25].
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It is shown in Ref. [26] that the recent data on the KgK +
correlation in Pb-Pb interactions Ref. [27] agree with the
data on the yy — yz° and ¢ — 5z°y reactions and support
the four-quark model of the a,(980) meson. It is shown that
the data do not contradict the validity of the Gaussian
assumption.

In Refs. [28,29] the program of studying light scalars in
semileptonic D and B decays was suggested. We studied
production of scalars ¢(600) and f((980) in the Dy —
atn~e v decays, the conclusion was that the percentage of
the two-quark components in ¢(600) and f,(980) is small.
This is the direct evidence in favor of the exotic nature of
these particles. Unfortunately, at the moment the statistics is
rather poor, and thus new high-statistics data are highly
desirable.

It was noted in Refs. [28,29] that no less interesting is
the study of semileptonic decays of D° and D* mesons
—DT — ddetv — [6(600) + £((980)]eTv — ztaety,
D° — dite*v — ajetv — nnetv, and D' - ddetv —
adetv — n%e*v (or the charged-conjugated ones) which
had not been investigated. It is very tempting to study light
scalar mesons in semileptonic decays of B mesons [29]:
B’ >dietv—agetv—oanetv, BT —uietv—aletv—
netv, Bt > uiietv—[0(600)+£((980)]etv—at et u.

Recently BES Collaboration measured the decays
D - dietv — agetv — nnetv and Dt - ddetv —
ade v — n%xetv for the first time [30]. In this paper we
discuss the Ref. [28] program in light of these measure-
ments taking into account the contribution of the a(, meson
with mass about 1400 MeV.

A variant when a,(980) has no constituent two-quark
component at all is presented. That is, a; (980) is produced
as a result of mixing aj — ag(980), D° — diietv —
ay etv — age"v — n e’ v, and correspondingly for the
D™ decay.

This variant describes the set of experimental data
considered in Ref. [26]. Moreover, in comparison with
that paper we take into account high-statistical KLOE data
on the ¢ — na'y decay of Ref. [31] (instead of Ref. [16]).
To describe this precise data we change parametrization of
the KK scattering background phase, which changes the
module of the ¢ - KK~ — (a) + a'3)y — na’y ampli-
tude below the KK threshold. We also take into account this
phase in the KYK " correlation and introduce the My — Mg

mass difference.

II. D DECAYS INVOLVING SCALARS
AND PSEUDOSCALARS

The amplitude of the D® — S(scalar)e*v decay is of
similar form to the D] decay [28]

MID(p) = S(p)W*(q) = S(pr)e ] = ZEV 4ALe,

V2
(1)

where Gy is the Fermi constant, V., is the Cabibbo-
Kobayashi-Maskava matrix element,

Ay =) P+ 11)a+ @) (P = P1)a
Ly =0yl +ys)e,  q=(p—pi1) (2)

The influence of the f5(g*) form factor is negligible
because of the small mass of the positron.
The decay rate into the stable § state is

dU(D° > Se*v)  GilVeal® 5, ovivs/ avp
= ) 3
a7 A pi(a*)If3(q%)] (3)
. \/m‘})o - Zméo(qz + m3) + (¢* — m3)? 4
pl(q ) - 2mDO ’ ( )

For the f% (g*) form factor we use the vector dominance
model

2
my

fi(qz)If‘i(O)mi q2=fi(0)fA(q2), (5)

where A = D,(2420)* [1].
Following Fig. 1 we write 3 (0) in the form

1300) = gpoeaFs9ans- (6)

where ¢p,; is the DY — cii coupling constant, g ;g is the
diu — S coupling constant, and Fg is the loop integral
assumed to be constant in the region of interest.

The amplitude of the D° — diev — [a;(980) +
d'yletv — nn~etv decay is

M(D° - dietv—nr=etv)

Gr 1
= chLa + a cii :
/2 1LY(p+P1)eIpocafa(@’) )

A(m
X (Faggduag Da;)' (m)gaorpz + Faggdﬁagnagag' (m)ga;,r]n'

=+ Faé)’gdﬁaé)’na(’)’ag (m)gaonﬂ + Faé)’gdﬁa[’)’Dag (m)gaémr> ’

u

FIG. 1. Model of the D° — (ag, d'y)e"v decay.
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where m is the invariant mass of the nz~
A(m) = Dy~ (m) Dz (m) — g ()M g~ (m), D (m)
and D, - (m) are the inverted propagators of the ay and ag,~
mesons, and I1,-,-(m)

system,

=TI1,-,-(m) is the nondiagonal
element of the polarization operator, which mixes the ag

d*T(D° —» nr~e*v)
dg*dm

1 1

X gmpmf (m)‘ m

G%"|Vcd|2

2

+ Faéfgdua{fna”a (m)gaoﬂ” Ty o~ Ydaa

0

+Da-

and a;” mesons. All the details can be found in
Appendix A.

The double differential rate of the D° — dietv —
[ag(980) + d'jleTv — na~eTv decay taking into account
the aj, scalar meson is

o 24w 3 cu|fA( )|2P?(q2, m)

( )gaonn’ + Fa gdua Ha - (m>ga’r;n—
0% 0

2
Daa (m)gaémr ’ (8)

where p- (m) = /(1= (m, + my )2/m?) (1 = (m, = my )2 )

The D' — ddetv — Setv and DT — naletv decays
are described in the same way; see Fig. 2. It is enough to
substitute in Eqs. (1)~(8) D° — D, dit — dd, a5 — af,
ay~ — ay, and 7~ — 7°. The coupling Ydia), = Ydia'y / V2.

The key question is the size of the a contnbutlon In
Ref. [30] fits take into account only the ay(980) contri-
bution, but one can see from Fig. 3(a) that the Ref. [30]
curve lies below the data in the interval m=M,, =
1.1-1.3 GeV (though within large errors). It may be a
manifestation of a sizable g;, contribution.

In Ref. [26] we simultaneously described the data on the
yy — na° reaction in Ref. [6], the ¢p — na’y decay [16],
and the recent data on the K9K* correlation in Pb-Pb
interactions in Ref. [27].

In this article we present for the first time to our
knowledge a variant of data descriptions when a,(980)
has no constituent two-quark component at all: the a9(980)

direct two-quark transition coupling to the yy channel

gﬁlg)ﬂ =0 and Ydva; = Ydaa) = 0. The results are shown in

Figs. 4 and 5 and in Tables I and II.

d

FIG. 2. Model of the D* — (a9, d'})ev decay.

Fitting the data on Fig. 3(a) with obtained parameters gives
the histograms plotted in Figs. 6 and 7. Only normalization
is a free parameter in this fitting. The pointon 1.225 GeV was
omitted in fitting, and the background was extracted from
Fig. 3(a) approximately. The optimal integral is 28.0 events
in the experimental region 0.7-1.3 GeV, and the signal
branching 1.457043 x 107*—one can compare it with
Ref. [30] result (1.33%053(stat) + 0.09(syst)) x 107*. Of
course, all this consideration is very preliminary due to large
experimental errors.

N
o
T

Event/(0.05GeV/c?)

0
M, (GeV/c?)
FIG. 3. Experimental data on (a) D°— (ay,d'y)etv—na=etv
and (¢) Dt - (a),d'})e"v — na’eTv decays. Direct copy of

Figs. 2(a) and 2(c) in Ref. [30]. Dotted curves are signals, solid
ones represent total contribution, and the other ones represent
backgrounds.
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FIG. 4. Results of our fit (see Tables I and II) on (a) the Belle data on the yy — n2° cross section [6], and (b) the KLOE data on the

¢ — na'y decay [31], where m is the invariant #z° mass.

1.03
1.02

 1.01

LY

&) 1
0.99
0.98 N

0 0.05 0.1 0.15 0.2 0.25 0.3
k*, GeVv

FIG. 5. The KYK* correlation C(k*); see Ref. [26] and
references therein. The solid line represents our fit, and points
are experimental data [27].

effects to describe them. One of the important features is
the background phase of the KK scattering 5}1’(91-((s) for
isospin I = 1, defined in Egs. (25) and (27) of Ref. [32].
Analytical continuation of this phase under the KK thresh-
old changes the absolute value of the ¢ —» KT K~ — agy —
n’y amplitude. Unfortunately, the KK scattering phase is
poorly known.

The influence of the analytical continuation of the KK
phase is not large near the resonance peak situating near the
KK threshold. In the current work we upgrade the KK
scattering phase parametrization:

Q2000 () — 1+ iFgg(s)

_ 62,-5’;(%“(&) 1+ iFgog+(s
1 - lFKI_((S)

_ )
1 — iFgog+(s) ’

’

©)
The corresponding dBr(D°—die™v—(ay,a'y)e v— N
anetv)/dm and dBr(Dt — ddetv - (a,dd)etv » W€
0 + . . .
a'ne*v)/dm curves are shown in Figs. 8 iand 9. The line \/s —4m%(+ + \/s _ 4m%<0
shapes of these curves differ from the signal curve on g (5) = fk
. KK KK
Figs. 3(a) and 3(c). 2
Some. details and parameter§ of the fit are placed in \/1 _ 4’"%( s+ \/1 _ 4m%( o/s
Appendix B and Table II therein. + gkk . (10
The KLOE data on the ¢ — 57’y decay of Ref. [31] are 2
so precise that one should take into account even small
TABLE I. Properties of the resonances and the description quality.
mg, MeV 988.3 Mg, MeV 1423.9 R, fm 6.3
9apk+k-» GeV 4.06 Jap+k-> GeV 4.19 A 1
Gagnes GEV 3.99 Gatyr GV 0.80 £2,/36 points 13.8
Gagyn» GEV —4.24 Galyis GEV 1.27 23,/49 points 65.5
gfl(éiy 0 gi%)ﬂ’ 1073 GeV-! —12.90 Z2or/29 points 28.4
Mgz, MeV 997.6 Cupa» GeV? —0.163 2+ 1%, + xo)ndf. 107.8/99
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Events/0.05 GeV

m, GeV

FIG. 6. The data on the D° - (ay,d'y)e*v — na~ev decay
and the fit corresponding to 28.0 events and the signal branching
1.45 x 107*. The solid histogram is the total contribution, and the
dashed histogram represents the sum of backgrounds from
Fig. 3.

s—(mgo+mg+)?) (s — (mgo —mg+)?
P01 O T P =

o)

V(s = (mgo +mg+)?) (s = (mgo —mg+)?) ‘

+9kk S

(11)

Compared with parametrization used in [32] and later,
we add to Fgg(s) a term proportional to velocity and take
into account the kaon mass difference. The phase 5291-( is
used in the yy — nz° and ¢ — ya'y reactions, and 6%% o 18
used to study the K%K correlation.

We also upgrade Eq. (6) in Ref. [26] describing the

amplitude of the K°K™ scattering,

20

15 K2

10

Events/0.05 GeV

FIG. 7. The data on the D™ — (a, d'd)e"v — naletv decay
and the signal corresponding to fit shown in Fig. 6; signal
branching is 1.94 x 10™. The solid histogram is the total
contribution, and the dashed histogram represents the sum of
backgrounds from Fig. 3.

10%xdBr (D°»nme’v) /dm, Gev'?!

m, GeV

FIG. 8. The plot of D° — (ay,d'y)etv — na~e*v spectrum
with parameters of our fit (with Ydna; = 0). The solid line is
the total contribution, the dotted line 1is the term
~Fy - gdb—,a(r)fl'l%faa(m) Gagne contribution, and the dashed line is
the term ~F ;- gza;- Dz (M) g4y, contribution; see Eq. (8).

2i5%% (s
f(k*) _ e KO+ -1 + eZiéfZJ(’K+(S) i
2ipK0K+ \/E
-
Z IskIk+ Ggs/gs’Kglﬁ ( | 2)
o 167 ’
where S, 5" = ag. ', the constants gggox+ = —gsgog+ =

Jsk+k-»> and k* is the kaon momentum in the kaon pair rest
frame,

V(s = Omgg = mye)) (s = (i + myc-)?)
25

In comparison with Eq. (6) of Ref. [26] we take the
K°K™* scattering phase into account and fix a misprint: \/%

ke = (13)

was written instead of %. The calculations in Ref. [26] were

done with the correct formula.

~

10%xdBr (D*»nrle*v) /dm, Gev'?!

0.8 1 1.2 1.4
m, GeV

FIG. 9. The plot of Dt — (a3,d'3)e*v — na’ev spectrum
with parameters of our fit.
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Remember that the KgK * correlation reads [27,33]

‘ f(K) Ref (k")
R

NG

F z(Zk*R)> , (14)

2
+2

C(k)—1+§<§ Fi(2k'R)

Imf(k*)
R

where R is the radius parameter from the spherical
Gaussian source distribution, 4 is the correlation strength,
and

2

2
Fi(z)=° Ae"zdx;

Z

R =" (9

To fit the data we use the y? function with the addition of
terms providing some restrictions, including terms that
guarantee being close to the four-quark model relations;
see Appendix 3 in Ref. [32] for details. Finally there are 15
effective free parameters of the fit, including several param-
eters that are softly restricted by terms ~(P — P;)?, where P
is the parameter and Py is its notably desired value. So results
in Tables I and II are not obtained by pure y* method, and we
present a possible scenario.

For the data on ¢ — 57z° we use a modified y> function
stressing on the resonant region m > 800 MeV and
with poor weight of the low m region. One can see in
Fig. 4(b) that the description is close to experimental data
for all m.

We faced several minima of the resulting function to
minimize; they are rather close to each other. We show the
best one. yZ,, x3,, and y&,, shown in Table I are pure y?
values built on yy — 5z° data [6], the data on the ¢ — 37y
decay [31], and the KgK T correlation data [27]
correspondingly.

Since we use a different model (including different
parametrization of 5;"1( and 6};(% «+) and different data set
(newer KLOE data on ¢ — mroy decay), and, besides,
consider the case when a((980) has no constituent two-
quark component, the results shown in Tables I and II differ
from the results in Ref. [26]. One can treat this difference as
an error estimation.

ITII. CONCLUSION

The first measurement of D° — diie™v — [ay(980) +
diletv -z netv and Dt — ddetv — [a)(980) +
apletv — 2%e*v decays [30] is an important step for
the investigation of the nature of light scalar mesons.

0)
alyy
first time to our knowledge, and it means that a,(980) has
no constituent two-quark component. The data are
described well, and the a((980) coupling constants agree
with the four-quark model scenario: they obey (or almost
obey) the relations [9]

The data description with g, = 0 is presented for the

Gagyed = V28I0(0, +0,) g,k k- = (0.85-0.98) g, - k-
Gt =—V2008(0, +0,) gu, k- k- = —(1.13-1.02) g k- k-
(16)

where g, .0 = 0.85g, k- and g, 0 = —1.13g, k+x-
for 0, =-18° and g, ,,0 = 0.98g, x+x- and g, 0 =
—1.02g, k+x- for 8, = —11°. The 6, = 54.74°.

The corresponding prediction of D° — diietv —
[a5(980) + d'jletv » anetv  and Dt — ddetv —
[a(980) + al)le*v — n°nev decays is presented and
does not contradict the data [30]. An experiment on higher
statistics could check this prediction.

The experiment on Dy — ssetv— [6(600)+ f,(980) +
fole v—nta~etv with higher precision than in Ref. [34]
is also strongly interesting.

Let us repeat that no less interesting is to probe the
light scalars in semileptonic D — dde*v — [6(600) +
f0(980) + filetv — atn~etv, B> dietv—[ay(980) +
dyletv—anetv, BY — uiietv — [a)(980) + af]e v —
7%ne*v, and BT — uite v — [6(600) + f((980) + fletv —
ntz~e"v decays which have not yet been investigated.

The approach of this paper is valid for the B mesons
decay B — 7 netv and BT — n%etv. It is enough to
make obvious changes V., — V., gpo.a = 9pogp, and
9ptea = 9-ub- In Eq. (5) A = D(2420)* — B (5721)".
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APPENDIX A: SCALAR PROPAGATORS
AND POLARIZATION OPERATORS

The matrix of the inverse propagators is

GSS’(m):( Dy, (m) _Hagao(m))’ (A1)

_Ha6a0 (m) Dll[](m)
1 = 3 Jabeb pyap C A2
aguo(m) - Z— ag (m) + agu”v ( )
ab gaouh
where m = /s, and the constant Cy 4, 1ncorporates

the subtraction constant for the transition a((980) —
(0707) — aj and effectively takes into account the con-
tributions of multiparticle intermediate states to the
ag <> a(y transition. The inverse propagator of the scalar
meson S [9,13,32,35] is
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Dg(m) = m} —m? + > [Rellg(m3) —TIg(m?)], ~ (A3)

where 37, [RelT§ (m§) — 15 (m?)| =Rellg (mg) — s (m?)
takes into account the finite-width corrections of the
resonance which are the one-loop contributions to the
self-energy of the S resonance from the two-particle
intermediate ab states. We take into account the inter-
mediate states 7", KK, and #/z" in the a; (980) and aj*
propagators,

+ 0 g+ 0 —
Mg =17 + 1% e ™, (Ag)
and nz°, KK, and 52" in the a(980) and a} propagators.

For pseudoscalar mesons a, b and m, > m;,, m > m,,
one has

16z | 7m*>  m,

Vm? —mZ = \/m? = m2+>

Vm? —m? 4+ \/m* —m’.

¢ (m?) = Isap lerm‘ In2

El

1
+pab (l + —1In
T

(A5)

where () = 2pa()//5 = /(1= m2/5)(1 = mZ]5),
and my = m, = m;. Analytical continuation to other
energy regions could be found, e.g., in Ref. [26] and
references therein.

The constants gg,;, are related to the width as

Lo(m) = YIS = abm) = 3 p (). (A6)
ab

— 16zm

TABLE II. Parameters not mentioned in Table I.

Co -0.34 fxi» GeV™! -2.14
¢y, GeV™2 -9.04 Ikk 2.37
¢y, GeV™ 1.40 S GeV~! —-0.50
6,° —128.3

APPENDIX B: OTHER PARAMETERS
AND DETAILS

For completeness, we show in Table II the background
parameters and the parameters that are not described above.
One can find all of the details in Ref. [32].

In this paper we take the form factor G, (s, 1) = G,(s, 1),

G, (s.1) = G,(s.1) = exp[(t = m5, )b, (s)].  (B1)
differently from Refs. [8,32]. We take
by (s) = bl + o, In[1 + (s/50)] (B2)

and obtain b?=2.3x103GeV~2, and s, = 1.005 GeV>.
a, = 0.8 GeV~? is the same. Form factors for the K*
exchange are modified the same way. Besides, we obtain
rq, = 1.2 GeV~!instead of r,, =1.9GeV~! in Refs. [8,32].

The zn scattering length agrees with the estimates
based on current algebra and chiral perturbation theory,
according to which a} ~0.005-0.01 (in units of m;');
see Ref. [8].
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