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Using the measured branching fraction of the decay J/w — nY(2175) = npf¢(980) — neprata~
from the BESIII experiment, we estimate branching fraction of J/y — nY(2175) = ndfy(980) —
ngnn® decay, which proceeds via the f;(980)-a9(980) mixing and the z°- mixing. The branching
fraction is predicted to be about O(107°), which can be accessed with 10'° J/y events collected at
BESIIL The decay is dominated by the contribution from f;(980)-a)(980) mixing. We find that the
interference between the amplitudes due to f((980)-a3(980) mixing and that due to z°-# mixing is
constructive. The branching fraction can be increased by about 10%, owing to the interference effect. We
also study the 77° mass squared spectrum and find that a narrow peak due to the £,(980)-a3(980) mixing

in the 77° mass squared spectrum should be observed. The observation of this decay in experiment will
be helpful to determine the f,(980)-a3(980) mixing intensity and get information about the structures of

the light scalar mesons.

DOI: 10.1103/PhysRevD.99.014024

I. INTRODUCTION

The nature of the light scalar mesons a(980) and
f0(980) is still a hot topic in hadronic physics. Several
models about the structure of the scalar mesons have been
proposed, such as gg states, glueball, hybrid states, molecule
states, tetra-quark states, and the superpositions of these
contents [1-11]. Due to the absence of convincing evidence,
a final consensus has not been reached so far. Therefore,
more research in both theory and experiment is still needed.

The structure of a3(980) and £ (980) is closely related to
the mixing of them, which was first suggested theoretically in
Ref. [12]. Its mixing intensity has been studied extensively on
its different aspects and possible manifestations in various
processes [13-30]. Recently, the BESIII Collaboration has
reported the first observation of £(980) — a)(980) mixing in
the decays of J/y — ¢f((980) — ¢ad(980) — ¢nz° and
Ze1 = ad(980)7° — £4(980)7° - ztz~2" [31]. In their
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work, the values of the mixing intensity &, for the f(,(980) —
al(980) transition was obtained:

Era = (0.99 £ 0.35) x 1072 (solution-1),
&r, = (041 +£0.25) x 1072 (solution-2). (1)

Here, ffa 1s defined as

e, BUM = $/o(980) ~ $af(980) — gnr’)
fe = By = ¢fo(980) — pata)

The theoretical calculation prefers the solution-1 result of
BESIII [32]. Here, more works are needed to determine the
final solution of £y,.

The Y(2175) resonance, which decays dominantly via a
#f0(980) intermediate state, is a vector meson, its J*¢ =
177 [33]. This resonance was first observed by the BABAR
Collaboration [34] and then confirmed by the BESIII
Collaboration [35] and Belle Collaboration [36]. At
present, this state is listed by the Particle Data Group
[37] as the excited ¢ meson, which is also referred as
$(2170) in the literature [38]. The recent result on Y (2175)
resonance in J/y decay from the BESIII Collaboration is
obtained as [39]

B(J/w = nY(2175) — n¢hf(980) — npn* ")
= (1.20 £ 0.40) x 107 (3)
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In this paper, we study the isospin breaking decay
J/w = nY(2175) = npf(980) — n¢ppa® and estimate
its branching fraction by using recent measurements by
BESIII [31,39]. We also study the distribution of 77" mass
squared spectrum near the KK threshold.

II. TWO MECHANISMS OF THE DECAY

The isospin breaking decay J/w—nY(2175)—
nd.fo(980) = nepnz® can proceed via the f,(980) —ad(980)
mixing and the z°-; mixing. The amplitude can be written as

My = nY(2175) = n¢pf(980) — ngnn°)
= M(J/w - nY(2175) = ngf0(980) — npa(980) — nenz°)
+ M(J )y = 1Y (2175) = npf((980) = npa’z’ — ngna). (4)

The corresponding graphs are shown in Figs. 1 and 2. For the contribution of f(980)-a)(980) mixing, the mixing intensity
s, can be expressed in a way similar to that in Eq. (2) and here is defined as

§fa -

_ B(J/w = nY(2175) = n¢f((980) = neag(980) — nenz°) ‘

Combining Egs. (1), (3), and (5), one can obtain the
branching fraction of J/w — nY(2175) - n¢fy(980) —

nag(980) — nepna’.
With £, = (0.99 £ 0.35) x 1072, one can obtain

B(J/w = nY(2175) = ngf(980) — nepad(980)
o ngna®) = (1.19 +0.58) x 1076, (6)

while with &, = (0.41 £ 0.25) x 1072, one can get

B(J/y — nY(2175) — nhf4(980) — npa)(980)
= ngna®) = (0.49 4 0.34) x 1076 (7)

In the BESIII analysis for the decays of J /w — ¢ f,(980) —
$al(980) — ¢na® and y. — ad(980)7° - £,(980)z° —
atz— 2% [31], they only assumed contribution from
£0(980) — ad(980) or a)(980) — £¢(980) mixing, which
causes the isospin breaking decays. In fact, the final states
of ¢nn® could be also induced by J/y — ¢£,(980) —
¢pn°7° — ¢na° via 2%n mixing. If it is the case that the
isospin breaking decay is due to both f(980) — a)(980)

FIG. 1.

Feynman diagram for the reaction Y(2175) —
$f0(980) = pag(980) — pnz".

B(J/y — nY(2175) = nefo(980) = npnn™)

(5)

and 7°-n mixings, actually the BESIII measured values for
the mixing intensity £y, in Eq. (1) have already included
both effects. Therefore, the results given in Egs. (6) and (7)
include both the contributions of f,(980)-a)(980) mixing
and 7%- mixing physically.

As for the sole contribution of 7°-z mixing, the relative
ratio of B(f(980) — z°z° — nz°) to B(£,(980) — #°z°) is

B(fo(980) - n°7° — na?)
B(f,(980) — 7°2%)

f(mfo, m,, myp)
f(mfo, m_,o, mﬂn>

2

: (8)

Ay

:4 _m2
7'[0

3
ny

wohere my,, my, and m,o are the masses of f0(980), n, and

n’, respectively. The factor 4 is from the sum of the
contributions of Fig. 2 and its symmetric diagram with
changing the 7°- transition to another external z° line [40].
The function f is

flx.y.z) = \/x4 +y*t 2t =2x2y? = 2x%2 - 2y%Z2. (9)

\
‘/\7"0"/
\

\
\7]

FIG. 2. Feynman diagram for the reaction Y(2175) —
$f0(980) = pn°n® — .
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TABLE I. The masses of the particles in final states.

my+ = 139.6 MeV [37]
mg+ = 493.7 MeV [37]
m, = 547.9 MeV [37]

my = 135 MeV [37]
mygo = 497.6 MeV [37]
m, = (957.8 £0.1) MeV [37]

A0, 18 the 7°-n transition amplitude [13,41], which can be
extracted from the ratio of B(y' — z*2~z") and B(y' —

atr n) decays [42],
A0

T

2

_ B = ata2’) ¢, —» xtan)
m,% —m,

© B > ntan) ¢ - ntr )’

_ (m,y—m,)? g2
where (1 = w7 = [yrd ™" 4 flmy /P om,)

f (\/q_2 ,My+,m,+), is the phase-space integral, while
¢s(n — ntax°) is the relevant phase-space integral that
changes m,, to mo in ¢s(f' = z*z~n). The relative ratio of
B = nta=x°)/B( = ntx™n) has been measured by
the BESIII [43] and CLEO collaborations [44]. The recent
value measured by the BESIII Collaboration is (8.8 &
1.2) x 1073 [45,46]. Then, with Eq. (10) and the measured
value of the relative branching ratio, we can obtain

(10)

Aoy |2
| = (521£071) x 1074, (11)

2 _
ny, — M,

where the particle masses listed in Tables I and II are used
here. Next, employing the relation B(f((980) - z*z~) =
2B(f((980) — 7z°z°) and combining Egs. (3), (8), and
(11), one can obtain

B(f0(980) = 7°72° — na)

1.434+0.1 1073
B(/y(980) = A% %)< 107,

(12)
and
B(J/w — nY(2175) = n¢f((980) = nepn’z’ — nepna®)
= (0.86 £0.31) x 1077, (13)

Obviously, this is much smaller than the results given in
Egs. (6) and (7), which implies that the contribution of

TABLE II.

£0(980)-a3(980) mixing dominates over that of 7%
mixing in decay J/w — nY(2175) = ngf(980) — nena’.

III. BRANCHING FRACTION

As mentioned in Eq. (4), both the f,(980)-a)(980)
mixing and the z%- mixing can contribute to the decay of
J/w = nY(2175) = npf(980) — n¢pna’. The most char-
acteristic feature of the first contribution is the narrow peak
in the #72° mass spectrum, which is due to the property of
the f(980)-a)(980) mixing amplitude [12,16,29]. As far
as 7°-n mixing is concerned, however, the width in the 77°
mass spectrum should be the natural width of the f;(980)
state, which is broad. Fortunately, the contribution from
the 7°- mixing is much smaller than that from the
£0(980)-a3(980) mixing, so the narrow structure caused
by the £(980)-a)(980) mixing is expected to be observed,
while the broad width from the effect of z%- mixing is
negligibly small. The corresponding decay amplitude
contributed by f((980)-a)(980) mixing is [29,48]

M(Y(2175) = ¢£,(980) = $a(980)
= M(Y(2175) = ¢f,(980))

Huofa(qz)
‘ 5] 2 2y " Jagna®
Do, (4*)Dy,(¢*) =10, ; (¢°)

— ¢na)

(14)

where ¢* = (p, + pp)?* and g, is the coupling of
al(980) to na’. M(Y(2175) — ¢£(980)) is the invariant
amplitude for the decay Y(2175) — ¢f((980), which can
be used to calculate the branching fraction

B(Y(2175) = ¢f0(980)) = [IM(Y(2175) — ¢f1(980))*
(my.mg. my,)
Terymy Y

where Iy is the decay width of Y (2175); my, my, and m,
are the masses of the resonances Y(2175), ¢, and f,(980),
respectively. T1, . (¢%) is the f((980) — a}(980) mixing
amplitude and defined as

Properties of the resonances, here, fy, ag, and ¥ denote f,(980), a8(980), and Y(2175), respectively.

my, = (0.99 + 0.02) GeV [37]
= (0.98 +0.02) GeV [37]
my = (2.188 £ 0.010) GeV [37]
my = 1019 MeV [37]
ok k- = (2.76 £ 0.46) GeV [50,51]
Goen = 139 GeV [1,49]
grxik- = 3.17 GeV [29]

[y, =0.074 GeV [47]
= (0.092 + 0.008) GeV [37]
I'y = (0.083 £0.012) GeV [37]
Gagyn® = 243 GeV [1,49]
Gaokok0 = (2.76 £0.46) GeV [50,51]
9raoz0 = 0.98 GeV [1,49]
9roxok0 = 3.17 GeV [29]
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Ya,k*K-9f, KK | .
M, (q7) = 25220 iR - (4%) = Ryogo(47))
167

_ Ry (¢*) In 1 + Ry~ (Clj) + Ryogo(q°) In 1+ RKOI'(U(C]? ’ (16)
r 1 — Rg+k-(q°) r 1 = Ryogo(q)

= /1 —4m2/q?, while for 0 < ¢*> < 4m?, R,,(¢*) = i\/4m>/q* —
D.(g*) in Eq. (14) is the denominator for the propagator of the resonance r

D.(¢%) = q* — m} =) _[Rell"(m}) — TIg* (¢%)]. (17)
ab
For r = a$(980), ab = (yz°, K* K=, K°K°), and for r = f((980), ab=

(ntn=, 2% KK~ ,K°K?). T1¢* stands for the
diagonal matrix of the polarization operator of the resonance r corresponding to the one loop contribution from the two-
particle intermediate states ab [29,48], for q* > (mg + my)

where for ¢*> > 4m2, R,,(q*)

1, here a = K+, K.

2 we have

), (=) —_m
a gra ma ma 4q ma + 4q
% (q%) = 16;; #hl_—"_pab l——ln\/ = \/

; (18)
J

for (m, —m,)* < ¢* < (m, +my)?,

(), (=)
Hab(q2) _gzb Mgy M m

m(+)2 _ qz
a 201’ In _b_pab(qz) 1——arctanL ; (19)
167 g mg z (-)2
q-—my,
for ¢> < (m, + m,)?,
), ) VmG? 2 m? -
0 g?) = S |t neE Py —1 - -
167 nq

(20)
n\/mab -9 _\/mab -

where ¢,,;, is the coupling of resonance r to final states ab, mg) = |m, = my|, and p,,(g*)

2 -)2
Al =mG g - mG
pab(q ) - q2

As for the contribution of # — z° mixing, the transition amplitude is

(21)

M(Y(2175) = $f,(980) — ¢r°

7’ — pna®)
2M(Y175) — §fy(980)) - Lol _An (22)
Dfo(q ) ny — o

where the factor i is due to the phase of the f((980) resonance contribution and the large and smooth background
phase, which are approximately equal to 90° totally in the f(980) region. Adding Eqs. (14) and (22) together, we then
arrive at

M(Y(2175) = ¢f(980) = ¢pna®)

Ha . ?) aonr 2 070 " ] A
= M(Y(2175) - ¢f0(980)) . ofo(q ) Gagnz® Grorda * 1 0

2 2 2 ) ! 2 | (23)
D, (¢*)Dy,(¢*) =T1; ; (¢*) Dy (q°) my—m

7
where g, ..o and g; 0 are the couplings of a(980) to nz° and f(980) to 77, respectively, which can be extracted from
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g%ab

B(r - ab) = 16zmT

f(mrv mg, mb)' (24)

By combining Eqs. (10), (15), (23), and (24), we can obtain
the distribution of the nz° mass squared spectrum for

J/w = nY(2175) = n¢f(980) = nenz’, ie.,
dr(Y(2175) = ¢£(980) — ¢nr°)
dq?
= B(J/y = nY(2175) = npf,(980) = nepn*z~) - s

. ‘5f0”8 + 5,,0,, 2, (25)

B(J/w = nY(2175)) -

where ¢g is the phase-space factor of the involved decays

L'y f(my,m¢, V qz) 2

05 =L LIV f (V@ myma )i (26)
g ﬂqz f(mY7 mq’)omfo) !

here, I'y is the total decay width of Y(2175). 6,0, and & 0

in Eq. (25) denote the contributions from the z%- mixing
and the £(980)-a)(980) mixing, respectively, which are
given in the following,

S0 = — V2i By = 7tz 7") ¢y — ztan)
D () \ Bl = mtan) ¢,0f = 7w a)

', m3
Y R L B (27)
f(mf()’ mgyo, mﬂ0>

here, the minus sign is associated with the 4., vertex
corresponding to the 7° <>  transition [13,52,53],
5. o — | Ba5(980) = na’) Ty, ma,
To% =\ B(£0(980) = w'x7) \| f(mgy, my,m)
II 2
a()f()(q ) (28)

Do (¢*)Dy,(¢*) =T , (¢*)’

where 'y and T, are the decay widths of f,(980) and
al(980), respectively. From Refs. [1] and [49], the branch-
ing fractions B(f((980) — z"z~) and B(a$(980) — nz°)
are obtained as

B(f0(980) — ztz~) = 0.5010%0, (29)
B(a)(980) — nz°) = 0.845 £ 0.017. (30)

Using the input parameters listed in Tables I and II, we
obtain the result for the distribution curve of the #z° mass
squared spectrum for J/y — nY(2175) = ndf(980) —
n¢na° decay, which is shown in Fig. 3. In this figure, the
narrow peak due to the f((980)-a(980) mixing can be
clearly observed.
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FIG. 3. The distribution of the 5z° mass squared spectrum

(¢* = (py;+ pw)?) for the decay J/y — yY(2175) -

n$fo(980) — nepna’.

Furthermore, the branching fraction of the decay J/y —
nY(2175) = nepf(980) — n¢pna® is obtained by perform-
ing the integration in the effective region (m, + my)* <
q* < (my —m,)?, and the result is

B(J/y = nY(2175) = npf(980) — nepnz°)
= (L6118 x 107°, (31)

where we have considered the errors of the mass and width
of aJ(980) and f,(980), the errors from the branching
fractions of the decays f,(980) — zz~ and a)(980) —
nr°, as well as uncertainty from the branching fraction of
the decay J/y — nY(2175) = ndpfy(980) — noprtn~.
The contribution from the f,(980)-a)(980) mixing domi-
nates the predicted branching fraction. In addition, the
interference of the amplitudes from the f(980)-a)(980)
mixing and z%-; mixing is constructive, and the branching
fraction is increased by about 10% owing to the interfer-
ence effect.

IV. PROSPECTS FOR THE
MEASUREMENT AT BESIII

The final states z°, 5, and ¢ in the cascade decay pro-
cess J/y — nY(2175) = ngf(980) — nenz° are recon-
structed through the decays z°— yy, n—yy, and
¢ — KTK~. By employing the data reported by the
Particle Data Group [37], we obtain

B(n = yy)-B(¢p = K'K™)-B(n = yy) - B(z® = yy)
= (7.55 £ 0.09) x 102, (32)

014024-5
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Because of the narrow peak near the KK thresholds in
the z° invariant mass spectrum, the event selection criteria
for the a)(980) candidates have high efficiency. In addition,
the final states contain six photons and two charged tracks,
and the detection efficiency for J/yw — nY(2175) -
ndfo(980) — ngna® decay can be as large as 8% after
the final selection [39,45,54,55]. The BESIII experiment
will accumulate a huge data sample of 10 x 10° J/y decays
by the end of 2019 [55-57]. Therefore, about 100 events for
the decay of J/y — nY(2175) = ngf(980) — nenr°
are expected in the J/w decay sample at the BESIIIL.
Therefore, the isospin breaking decay J/w — nY(2175) —
ndfo(980) — nena® will be helpful to determine the final
value of &y, in addition to the process J/¥ —

$£0(980) — ag(980) — ¢z,

V. CONCLUSIONS

Basing on the branching fraction of the decay J/y —
nY(2175) = ndpfo(980) = npz*n~ and the [,(980) -
aj(980) mixing intensity &7, measured recently by
BESIII, we study the isospin violation decay J/y —
nY(2175) = npfo(980) — nna®, which proceeds via
the £(980)-a)(980) mixing and the z°- mixing. It is
found that the decay can reach a branching fraction of the
order of 107, which can be accessed with 10'° J/y events

collected at BESIII by the end of 2019. The contribution
from the £(980)-a)(980) mixing dominates the decay.
The interference between the amplitude caused by the
£0(980)-a3(980) mixing and the amplitude caused by the
#°-n mixing is constructive, and the branching fraction
will be increased by about 10% because of the interference
effect between the two mixings. In the distribution of the
nn° mass square spectrum, we find that the narrow peak
due to f((980)-a3(980) mixing should be expected, and
the effect on the peak from z°- mixing is negligibly
small. This decay will be complementary to the decay
J/w = ¢f(980) = ¢pnx°, which will be helpful to deter-
mine the final solution of the f((980)-aJ(980) mixing
intensity and understand the nature of the light scalar
mesons.
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