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Role of the scalar f,(980) in the process D! — n*n
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Abstract: Based on BESIII measurements of the reaction D} — n*n”zn”, we investigate this process by consider-

ing the S-wave pseudoscalar-pseudoscalar interaction within the unitary chiral approach and the contributions from

the intermediate resonances fy(1370) and f>(1270). Our calculation can reasonably reproduce the experimental data,

and our results imply that f(980), which is dynamically generated from the S-wave pseudoscalar-pseudoscalar in-

teraction, plays an important role in this process, and the contributions from the intermediate resonances f(1370)

and f»(1270) are also necessary. More precise measurements of this process in future can shed light on the nature of

fo(1370) and f>(1270).
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I. INTRODUCTION

In the last few decades, the constituent quark model
has successfully explained the composition of most
mesons [1]. However, the properties of light scalar
mesons are difficult to describe within the constituent
quark model. For scalar mesons with masses less than 1
GeV (fo(500), ao(980), fp(980), and K(700)), there are
different explanations, such as ¢g states, tetraquark states,
or molecular states [2— 5]. In addition, the nature of
isospin-zero scalar mesons with larger masses, such as
f0(1370), fo(1500), and fy(1710), is also difficult to fully
understand [1]. Recently, BESIII and Belle/ Belle 1T accu-
mulated considerable experimental information about
charmed hadrons decays, which provides an important
platform to explore the internal structures of these scalar
mesons [6-9].

For instance, the BESIII Collaboration observed the
scalar S(1710)1) with a mass of 1723+11+2 MeV and a
width of 140+14+4 MeV in the process Df — KQK)r+
[10]. Later, a similar structure was also observed in the
process D} — K*KJx" by the BESIII Collaboration, asso-
ciated with a new scalar state ay(1817) with a mass of
1817 +8+20 MeV and a width of 97 +22+15 MeV [11].

The ~ 100 MeV mass discrepancy between S (1710) and
ap(1817) causes doubt as to whether they are isospin part-
ners. However, the line-shapes of a(1817) and S(1710)
in the K*K{ and K{K{ invariant mass distributions are so
similar that the measured mass discrepancy of ag(1817)
and S (1710) may be due to the closeness of their peaks to
the threshold of the KK mass spectrum. We previously
investigated both reactions and found that the BESIII
measurements of both reactions could be well repro-
duced by regarding the intermediate state ay(1817) as the
K*K* molecular state [12, 13], which is also supported by
the study in Ref. [14].

The BESII Collaboration recently performed an
amplitude analysis of the process Df — n*7%7% and de-
termined the branching fraction 8(D} — n*n%2%) = (2.8
+ 0.4 + 0.4)% [15], which improves the precision by a
factor of two compared to the results of the CLEO Col-
laboration [16]. The significant f;,(980) signal and an en-
hancement structure around 1300 MeV were observed in
the 7n%7° invariant mass spectrum, and the latter structure
could be associated with the intermediate resonances
fo(1370) and f»(1270). The scalar f;(980) could be ex-
plained as the KK molecular state dynamically generated
from the S-wave pseudoscalar-pseudoscalar interaction
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bound system of two vector mesons, which is challenged
in Ref. [25]. Therefore, a study of the process D} —
n*7%z° should help deepen our understanding of the 3

nature of f5(980), f,(1370), and f>(1270). (a)
In this work, we investigate the process D} —
n*7°7z° by considering the scalar f,(980) generated from s

the S-wave pseudoscalar-pseudoscalar interaction within

the chiral unitary approach and the contributions from the
intermediate resonances f;(1370) and f>(1270).
This paper is organized as follows: In Sec. II, we
present the mechanism for the process DY — n*7%2°. The ¢ u
w

results and discussions are given in Sec. III, followed by
a short summary in the last section.

[17, 18], which is supported by many studies [6—9]. In S d
d

addition, the resonance f)(1370) is a broad state, and its

mass and width are not well established. There are vari-

ous explanations for the nature of f(1370), such as the W

nii state, molecular state [19-21], s5 [22], and glueball . u

[23, 24]. In Refs. [19-21], f2(1270) is also explained as a ’ /
< 5
+

+
qq <
+
q4q
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II. FORMALISM (b)

In this section, we present the mechanism of the pro-

cess DY — n*n°7%. This process occurs in three steps,
weak decay, hadronization, and final state interactions [7, W b
9, 12, 13]. First, the ¢ quark of the initial D} weakly de-
cays into an s quark and a W* boson, and the W* boson s

subsequently decays into a du quark pair. Then, all the
quarks, along with the quark pair ¢g (=uit + dd + s5) cre-

ated from the vacuum with the quantum numbers J©C = C,
1

9}
Y

0**, hadronize into hadrons, which can be classified as
the W* internal emission of Figs. 1(a) and (b) and the W* (c)
external emission of Figs. 1(c) and (d).

<
<

VAl

For the W* internal emissions of Figs. 1(a) and (b),

u
sd or u5 hadronize into K° or K*, and the hadronization
of the other quarks may be expressed as q
w+ _
d
Zu(fliqz'ﬁ:ZMliMB = (M?)13, (1) . . ¢
D s@and =) MMy = (M), ©) ) )
- 7 S < S

1

(d)

Fig. 1. Quark level diagrams for the D} weak decays. (a) In-
ternal emission of D! — K*us, and hadronization of u3
throughygwithvacuunquantunmumbers(b)InternabmissiorofD} —
- K%sd, and hadronization of sd through ¢ with vacuum
M=\ di dd ds |. 3) quantum numbers. (c¢) External emission of D} — n*s5, and
si sd S5 hadronization of s5 through gg with vacuum quantum num-

bers. (d) External emission of D} — udy, and hadronization of

where i =1, 2, 3 correspond to the u, d, and s quarks, re-
spectively, and M is the gg matrix

un  ud us

Within SU(3) flavor symmetry, the matrix M can be writ- ud through ¢7 with vacuum quantum numbers.

ten in terms of pseudoscalar mesons as [7]
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Because 1’ has a large mass and does not play a role
in the generation of f;(980), we ignore the 7 component
in this study. Then, Eqgs. (1) and (2) can be rewritten as

1

(M?)13 = $K+HO +7°K°, (5)
1 -

(M*)3, =K 7" - $K07r0. (6)

For the W* external emission of Fig. 1(c), the quarks
ud of the W* decay hadronize into n*, and the s§ pair,
along with the created ¢g pair, hadronize into the states

L

Z 5(giqi)s :Z MMz = (M%)33
+ p— 0 =0 1
=K"K"+K'K +37m- @)

For the W* external emission of Fig. 1(d), the s5 pair
may hadronize into the # meson, and the quarks ud of the
W* decay, along with the created ¢g pair, hadronize into
n™n, which contributes to the process DY — n*nn. Thus,
we have

1

Z u(Giqi)d(s5) = Z MM M33

1 2
=(M?)y (—@U) = —§7T+TI77- (3)

Then, the processes involved in the decay of D} into
all possible states can be expressed as

1 _
HY = vaVud(@ﬂ'OKJr +7T+KO)KO, ©)
1
H(h) = VcsVud (7T+K - $7TOKO)K+, (10)
-1
HO =CVeVig (K*K— +K°KO + gnn)ni )

2
H(d) = CVcsvud(_gnnﬂ+)’ (12)

where V,, and V., are the CKM matrix elements. Be-
cause the external emission of W' bosons is color-
favored relative to the W™ internal emission, an extra col-
or factor C can be introduced to account for the relative
weight of the W* external emission with respect to the
W internal emission. For the W* external emission, the
ud quark pair from the W* decay can form the color sing-
let n*, and u and d have three choices of colors, whereas
for the W* internal emission, u, d, s, and § quarks from
the W* decay have fixed colors. Thus, the factor C is
taken to be three in this study [26—29]. Now, we have all
the possible components after hadronization,"

H=H"+H" +H ++H?
o 1
=V, VesVia {C(K*K‘ + KK + 5777})7T+
+KOK'n* + K*K 7"
=V, VesVua {(C+ 1) (K"K + K°K'r")

C
_Ennﬁ}, (13)

where V,, denotes the factors of the production vertices
containing all the dynamics. After the preliminary weak
decay, the meson pairs of K*K~, K°K°, and 71 may un-
dergo the S-wave final state interaction to give rise to the
n%7% final state, where the scalar meson f,(980) can be
dynamically generated, as shown in Fig. 2.

The amplitude of the S-wave pseudoscalar-pseudo-
scalar interaction, generating the scalar f,(980), can now
be written as

M 980) =Vp|(C + DGk k-tgk-—nom

+ (C + I)GKOI—(“tKOI?“—)n“n“

C
- EGnntqn—m”n“] B (14)

where G; is the loop function of the two-meson propagat-
or, and #_,; is the transition amplitude of the i-channel to
Jj-channel, both of which are functions of the 7°2° invari-
ant mass Mp. The loop function is given by

a* 1 1
Gi=i | =% 5 (1)
(2n)* (P—q)* —mj +ie g*> —m5 +ie

1) Here we neglect the components 7° KOK* . Indeed, the interaction of the KK* to 7*2° can be given by the intermediate resonances, which is shown very small

by BESIII [15].
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Fig. 2. S-wave final state interaction of meson pairs.

where m; and m, are the masses of the two mesons in the
loop of the i-channel, and P and g are the four-momenta
of the two-meson system and second meson, respectively.
The Mandelstam invariant s = P> = M2, ,. The loop func-
tion of Eq. (15) is logarithmically divergent, and there are
two methods of solving this singular integral, either us-
ing the three-momentum cut-off method, or the dimen-
sional regularization method. The choice of a particular
regularization scheme does not, of course, affect our ar-
gumentation. In this study, we perform the integral for ¢
in Eq. (15) with a cut-off |Fma] = 600 MeV [30, 31]. The
transition amplitude #_,; can be obtained by solving the
Bethe-Salpeter equation in coupled channels,

T=[1-VG]'Y, (16)

where V' is a 5x5 matrix of the interaction kernel. We
take five channels, nt7~, n%7°, K*K—, K°K°, and 5. The
explicit expressions of the 5x5 matrix elements in the S-
wave are given by [32-33]

1 1
Vil=—==s, Vi2=- (s—m3),
2f2 V22
1
V = ===,
13 = 4f2 Via 4f2S
1
Vis=-— m,r, Vo = __m721'
3 \/Zf2 2f?
1 1
V23 =—-——S, V24=— S,
4\/_f2 4\/§f2
Vos = 6f2 —m2, V3= 2—f2S, V34 = 4f2
_ 1 2 2
Vis = — o \/§f2 (9s—6m,7 —2my),
1 1
Vig=——=s, Vys=— (95— 6m> —2m,2r),
2f2 1222 !
Vss = 18]02(16m,< Tm2), (17)

where f =93 MeV is the pion decay constant, s is invari-

ant mass square of the meson-meson system, and m,, mg,
and m,, are the masses of the pion, kaon, and # mesons,
respectively [1]. The unitary normalization |71 >—

1 1
—2|r]77 > and |n°7° >— —|n%2% > is easily considered to

ia/;ntify the particle whezn using the loop function G
without an extra factor [30].

In addition to the scalar f,(980), BESIII has observed
the enhancement structure around 1300 MeV in the 7%°
invariant mass distribution, which could be associated
with the resonances fy(1370) and f>(1270). Hence, we
also take into account contributions from the intermedi-
ate resonances fy(1370) and f>(1270).

For the contribution of f;(1370) in the decay
DY — n*7%2°, we describe it using the Breit-Winger
form,

2
@XMy (370

M a370) = (18)

2 2 - ’
Moo = M (1370, 1 1370/ M £,1370)

where a is the strength of fy(1370). Considering that the
mass and width of f,(1370) have large uncertainties [1],
we fix its mass to be 1300 MeV, the center position of the
enhancement structure in the 7%7° invariant mass distri-
bution of BESIII measurements [15], and take the width
as a free parameter.

Considering that f,(1270) couples to n%2° in the D-
wave, we can write the contribution of this resonance as
[34]

BX(3cos*0—1)x p2,

M a20) = . (19

2 2 :
M,ru,ru - Mfz(1270) + le2(127O)Ff2(1270)

where f represents the strength of the D-wave amp-
litudes. The mass and width of £,(1270) are Mp1270) =
1275.5 MeV and T’ 1270y = 186.7 GeV, taken from the
Review of Particle Physics [1]. pr is the momentum of

7% in the 7%2° rest frame,
172 (12 2
A (M2, m2,, M) 0
P = Moo

The parameter 0 is the angle between the momentum of
n¥ and n* in the rest frame of the 7°2° system [34],

2 2 2

M . —Mp —M +2pD+ Do

cosd = s (21)
2pﬂ+ ”o

where ﬁOD; (p%) is the energy of D} (n°) in the n%2° rest
frame, and p,. = pp. is the 7* (D) momentum in the
same frame. We give the explicit forms of these vari-
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ables below.

A (M3, M2, )
pﬂ* _pD: - 2]‘47107.{U s
P, =\ Mp, +Pp.»
M 0 770
P =—3" (22)

where A(x,y,z) = x> +y* + 22 — 2xy — 2yz — 2x2.
Consequently, the total amplitude of D} — 7 7%7°
can be described by

M = apg + My, 930) + M 1370) + Mp(1270) (23)

where the constant a, is the background contribution”.
As a result, the amplitude of Eq. (23) depends on the two
independent invariant masses My and My, and the
double differential width for the process DY — 7 2%7° is

given by

a’r _ Myogo Mo
dM,rn,ro dM;p 70 (27T)3 8m%+

IMP%. (24)

We can obtain dI'/dMpn and dI'/dM, - by integrat-
ing Eq. (24) over the other invariant mass variable with
relations as follows:

U MppMep

2
Mo 2138 IMI“dM 0. (25)

With a given Mo, the upper and lower bounds of
Mo are

(M2 = (Ep +E3)’

_(\/E;;%_m;;%— JEZ _m;;z)z, (26)

(M2 min = (Ef +E3)
2

- ( JEZ-m2+ \JE2 —m;ﬁ%) - @)

where E;. and E7, are the energies of 7% and 7% in the
770 rest frame, respectively,

2 2 2
My, = Mg — My

E: =
: 2Mpon0
M3, —m?, +m?
E:, = qon0 ~ Mo T (28)
2M om0

0

We can similarly obtain the n*z” invariant mass dis-

tribution.

III. NUMERICAL RESULTS AND DISCUSSION

In our model, there are five free parameters, (1) V),
the global normalization of f,(980) in Eq. (14), (2) the
constant ayg as the background contribution, (3) a corres-
ponding to the strength of the f(1370) amplitude in Egs.
(18), (4) the width T'z(1370), and (5) f as the strength of
the f,(1270) amplitude in Eq. (19). To present our numer-
ical results, we fit the free parameters to the BESIII meas-
urements of the 7°72° and #*2° invariant mass distribu-
tions. Here, we have V, =200, ap, =300, T's(1370) = 236
MeV, a = 85, and = 250"

Then, we calculate the 7%7° and n*2° invariant mass
distributions as shown in Fig. 3. The black points with er-
ror bars labeled as "BESIII data" are the BESIII data
taken from Ref. [15], and the solid black curves labeled
as "Total" are our theoretical results for the total contribu-
tions of Eq. (23). In addition, we present the contribu-
tions from f,(980), fp(1370), f>(1270), and the back-
ground, which are labeled as "fy(980)," "fy(1370),"
" £>(1270)," and "Background," respectively. We can find
a significant cusp signal at approximately 980 MeV in the
797 invariant mass distribution, which can be associated
with the scalar f,(980) dynamically generated from the S-
wave pseudoscalar-pseudoscalar interaction. The en-
hancement structure around 1300 MeV can be well de-
scribed and mainly originates from the contributions of
fo(1370) and f>(1270). Indeed, the mass and width of
f0(1370) have large uncertainties, and it is difficult to ex-
tract the exact properties of fy(1370) owing to the over-
lap with the signal of f(1270). Thus, a more precise n°z°
mass distribution of D} — 7*2%° should be helpful to
shed light on the nature of the resonance fy(1370) and
£(1270).

For the n*ninvariant mass distribution, our results
are in agreement with the BESIII results, considering the
large experimental uncertainties. Indeed, we find a struc-
ture around 1.6 GeV, which may be due to the resonance
p(1700). Because the BESIII measurements have large
uncertainties, we do not consider the possible contribu-
tion from the resonance p(1700) in this study. One could
perform complicated calculations when more precise data

1) In Ref. [15], BESIII has considered the background contributions from the Df — *n%n where 77 is misreconstructed as 7%7°. In addition, there are also the

background from the non-resonant contributions.

2) The free parameters V), apg, @, and f§ could be complex, which will affect the interferences of the different contributions. Considering our results could reason-
ably describe the experimental results, we take them to real in order to reduce the numbers of the free parameters.
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Fig. 3.  (color online) 7°2° (a) and n*7° (b) mass distribu-

tions for the process D} — x*a%z°. The experimental data of
BESIII are represented by points with error bars, and the fit-
ting results of the theoretical calculations are shown by solid
black lines. The colored dashed lines indicate the components
of the theoretical model.

are available.
We also present the Dalitz plots of "M2,_," vs. "M?2, "

and "M?2_," vs. "M>_," for the process D{ — n*n’° in
Figs. 4(a) and 4(b), from which we can easily find the
contributions of f(980), fo(1370), and f>(1270). BESIII
reported the Dalitz plot of "MZ " vs. "M?Z _,.," and our
results are consistent with the BESIII measurements.

IV. CONCLUSIONS

Motivated by recent BESIII measurements on the de-
cay DY — ntn%° [15], we investigate this Cabibbo-
favored process by considering S-wave pseudoscalar-
pseudoscalar interactions within the chiral unitary ap-
proach, which dynamically generates the scalar f,(980).
In addition, contributions from the intermediate reson-

! 0.1

£ 0.08

0.02

"

L L L L 0

0 1 » 2 » 3
M non+(GeV )
Fig. 4. (color online) Dalitz plots of "2, ," vs."M2, ," (a)

and "M2,_ " vs."M2, " (b) for the process D} — n*x%x”.

ances fy(1370) and f>(1270) are taken into account.

We calculate the 7%7° and n*7° mass distributions
and find a peak around 980 MeV, which may be associ-
ated with the scalar f,(980), and an enhancement struc-
ture around 1300 MeV, mainly due to the intermediate
resonances fy(1370) and f>(1270). Our results for both
the 7°72° and 7*7° invariant mass distributions are in
agreement with the BESIII measurements. In addition, we
predict the Dalitz plots of "M?2,_," vs. "M2, ," and "M2 "

5 et sl
n "
VS. Mm o
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