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We investigate the A, — A7~ f((980) production with a £,(980) decay into z* 7~ via the K*'K~K*
and K*~K°K" triangle loops. These loops produce a peak around 1.42 GeV in the 7~ £((980) invariant
mass distribution, which is the same mechanism as the one considered to explain the a;(1420) peak. In the
7~ distribution obtained by fixing the 7z~ f,(980) invariant mass to some values, a clear peak of f,(980)
is seen, and the 7~ f,(980) distribution has a peak around M-, = 1.42 GeV, which is caused by the
triangle mechanism of the K*KK loop. The branching ratio of A, — Az~ f;(980) with £((980) — 7z~
by the triangle mechanism, obtained by integrating the 7z~ f((980) distribution from 1 to 1.6 GeV, is

estimated to be the order 10™*. Future measurements of the A, — Az~ f,(980) branching ratio and the
7~ f0(980) invariant mass distribution predicted in this work would give further clues to clarify the nature

of the a,(1420) peak.

DOI: 10.1103/PhysRevD.101.074041

I. INTRODUCTION

The role of triangle singularities (TSs) in hadronic
reactions has been investigated for a long time. A general
discussion on the emergence of singularities from loop
amplitudes was given by Landau [1], and a physical picture
of the singularity from triangle loops was provided in
Ref. [2] and is known as the Coleman-Norton theorem; the
TSs can show up when all the internal particles are on shell,
the momenta of the particles in the loop are collinear, and
the process can occur at the classical level. One can find a
refined formulation and an intuitive picture of the TS in
Ref. [3] (see also Ref. [4] for a recent review of the TS).

One interesting manifestation of the TS is the n(1405/
1475) — 7°£,(980) decay. An anomalously large produc-
tion of the 7°£(980) decay mode of (1405/1475), which
is forbidden by isospin symmetry, was reported by the
BESIII Collaboration [5]. The large amount production rate
and the narrow f((980) line shape in the zz distribution,
which is the order of the mass difference of the charged
and neutral kaons due to the isospin symmetry breaking,
are explained well by the triangle mechanism [6-9] (see
also Ref. [10] for a review article). The triangle diagram
considered in the work is composed of K*KK and its
charge conjugation shown in Fig. 1. The triangle loop
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diagram of Fig. 1 has a singularity around 1.42 GeV, which
is in the 7(1405/1475) mass region. In the process, the
K*K pair is produced by 1(1405/1475) first, the K* decays
into 7K, and the KK couple to f,(980). The position of the
singularity can be obtained with a formula given in Ref. [3].
The triangle singularity plays an essential role in this
process because the position of the TS is sensitive to the
masses of the particles and the mass difference of K and K*
involved in the triangle loop introduces the isospin viola-
tion in this process. In practice, the singularity is turned
into a peak by the width of the internal particles, and the
detailed study on the width effect was done in Ref. [11]. In
Refs. [12,13], some other processes were studied for further
investigation of the anomalous enhancement of the isospin-
forbidden 7° £,(980) production by the triangle mechanism.
The TS of the K* KK loop was mentioned in Ref. [14], and
the possible role of the K*KK triangle loop has been
investigated in many processes [6-9,11-13,15-22].

One important aim to study the TS is to clarify the origin
of peaks in the invariant mass distribution. The peak of the
TS has purely kinematical origin and cannot be associated
with a resonant state. A peak of a;(1420), which is in the
p-wave 7~ f((980) mode in the z~p — zt 2~ 7~ p reaction,
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FIG. 1. Triangle diagram relevant to the zf;(980) production.
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FIG. 2. Triangle loops for the A, — A.z~ f;(980) process.

was found by the COMPASS Collaboration [23,24] fol-
lowed by the studies on the properties of a;(1420) [25-29]
and the work on the explanation of the peak focusing on its
production mechanism [30] (see Ref. [31] for a recent
review article, and see also a mini review for mesons in the
1400 MeV region in the Particle Data Group (PDG) [32]).
A possible understanding of the peak with the triangle
mechanism was suggested in Refs. [17,18]. The position of
the singularity around 1.42 GeV stemming from the K*KK
loop coincides with the peak position of a;(1420). Despite
the attempts to clarify the nature of the peak, a significant
difference of the resonance and TS scenarios of the
a,(1420) peak has not been found in the partial wave
analysis so far [31]. Some predictions based on the TS
scenario of the a;(1420) peak were made in Refs. [20,21]
in the B and 7 decays.

In this work, we study the A, — A.z"f((980) with
f0(980) — z" 2~ via the triangle mechanism of the K*KK
loop producing a peak around 1.42 GeV in the 7~ f((980)
distribution. We show in Fig. 2 the diagram of the K*KK
triangle loop contributing to the A, — Az f((980)
process. Apart from the K*K production part, the mecha-
nism producing a peak around 1.42 GeV is identical to the
one considered in Refs. [17,18] for the a;(1420) peak.
With known theoretical and experimental information, we
make the predictions on the branching ratio and the
invariant mass distribution in the A, — Az f((980)
reaction. Such predictions, including the triangle mecha-
nism, will be important for future experiments to clarify
the nature of a@;(1420) as an unavoidable peak of the
kinematical effect.

II. SETUP

The diagrams we consider in this study are shown in
Fig. 2. Here, we focus on the diagram Fig. 2(a) in which a
loop is formed by K*K-K*; A, first decays into
A KK~ and subsequently K* turns into the 7~ K+ with
a merging of K* and K~ to give f((980). The f(980)
finally decays into a zz~ pair. Strictly speaking, this
K*KK loop for the 7~ f(980) production does not have the
TS because the mass of f,(980) is slightly below the KK
threshold; i.e., the KK in the loop cannot be on shell.
However, in the distribution, the remnant of the TS would
be still expected due to the width of the particles. For
example, by putting the f;(980) mass slightly above the
KK threshold, with the formula in Ref. [3], the loop

amplitude produces a TS around M-, = 1.42 GeV in
the 77 f,(980) invariant mass distribution.

In this section, the amplitude needed to evaluate the
diagram in Fig. 2, the A, - A K*K, K* — 7K, and KK —
#tn~ transition amplitudes, will be explained, and the
amplitude of the A, = A .z~ f((980) decay with f,(980) —
#tx~ will be given at the end of this section.

A. A, - A K*K amplitude

First, we consider the A, — A KK~ amplitude. At
present, the data of the A, — A.K*°K~ decay, such as the
branching fraction or the Dalitz plot distribution, are not
available; then, we make a microscopic derivation of the
A, = A K*K amplitude with some approximations. Some
possible diagrams for the A, — A K*K at quark level are
depicted in Fig. 3. In this calculation, we take account of
the diagram Fig. 3(a) with the external W~ emission, which
is favored in terms of the color counting [33], and the
diagrams with different topology shown in diagrams (b),
(c), and (d) in the figure, suppressed in terms of the color
counting, are not considered, and that can give, in general,
the uncertainties of the order of a few tens of percents.1

For the baryonic part of the A, - A,W~ transition, B*,

B = (Acler' (1 = ys)b|Ay). (1)

we use a result of the QCD sum rule [35]. The A, — A,
transition amplitude is parametrized as

(Ac|VHIAy) = (Acler*b|Ay)

= i [F1(q*)r" + Fo(q*)v* + F3(¢*)v"]un,, (2)
(AclA"|Ap) = (Aclerysb|Ay)

=iy, (G (g*)7" + Ga(g?*)v* + G3(512)U/”]75”Ab» (3)

where v#(v'*) = p’/‘\b( A/ My, 18 the 4-velocity of A,
(Ae), 4" = Ph, = Ph.» F(&*) = Fi(¢*) or Gi(¢*) (i = L,
2, 3) is parametrized as

F(0)

= ) 7 3 3
1_51,52 +§2,,(l]4 +§3,:L]6 +§4’58
Ap Ap Ap Ap

F(q?)

(4)

with F(0) and &; given in Ref. [35]. For later purposes, we
give the spin sum and average of the baryonic part B¥ =
Y¥B*B* (quantities with overline denote the spin summed
and averaged ones in the following):

'Changing the u quark with the d quark, the diagrams (b), (c),
and (d) in Fig. 3 can lead to the . production, which is reported
to be small [32]. In addition, when one sees the B — KD*D*
branching fraction in the PDG [32], the branching fraction of the
color favored process is about ten times larger than that of the
color disfavored one [34]. These facts would imply the small
corrections from the color disfavored processes.
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FIG. 3. Quark-level diagrams for the A, decay.

B = S [#((F} = GD) = (F} + Gw) + (F} + FyF) (o0 + oa®)
+ 2F Fyv"v” + FiF3(v*0" 4 o' o + 20M0")
+w{(F3 + G3)v"v” + (FyF3 + G,G3) (00" + vv¥) + F3 + G3)v" v}
+ F3ohv" + FoyF3(v"0" + ') + F3uo"
+ GH(v"v" + ") — GGy (" + v v¥) + 2G|, Gyv*?

—2G,G30"v" + G,G3(v"v" + v ") — Givh ¥
— GyG3(v" V" 4 v¥1) — G3vv" + 2iF G v,0)] (5)

with w = v - v/,

Let us move to the mesonic part producing K**K~ or
K*K°, which is denoted by J,. Here, we assume the
a7 (1260) dominance for the K*°K~ and K*~K° produc-
tion, and the effects of the rescatterings of the other pairs in
the final-state particles are ignored. The observation of
A, = A.a7(1260) is reported in Ref. [36], and a peak
around 1.3 GeV which may be associated with a;(1260) is
seen in the 7~ 2"z~ distribution of A, — Az~ n"z~ [37],
and we expect a large portion of A, — A a;(1260) in the
K*K production by taking into account a fairly strong
coupling of a;(1260) to K*K obtained theoretically in
Refs. [38,39]. Then, J, represents the amplitude of the
W~ — a7(1260) — K*°K~ or K*~K? transition here. The
effect of a;(1260) on the 7~ f((980) distribution will be
checked later.

We write the conversion amplitude from W~ to
ay (1260) as

—it _ igWVud
Woay =75

falmaISW’ : 621’ (6)

with V,, and gy being the element of the Cabibbo-
Kobayashi-Maskawa quark-mixing matrix and the cou-
pling constant of the weak interaction, respectively, and the
ay (1260) — K*°K~ amplitude is written as

_ital‘.l(*ol(‘ = gleal’ . 5;@0’ (7)

where we take into account the amplitude with the lowest
angular momentum, which gives the dominant contribution
in low energies. In the case of the K*~K" pair in the final
state, we just need an additional minus sign.

With the A, — A, form factor B* in Eq. (1), the A, —
A.K*K~ transition amplitude given by the external W~
emission process is written as

—IMp, A k0K = <21g—\;% vcb> B

i(=g + %)

. qudy
l(_g’w + ’27%‘/) igWVud
q2 _ m‘Z)V + ie fa] a,

2

2 2 .
q — mal + lmulru]

~ g GF Vcb VudB”g;w

=GrVuadVer By,

(+91)(€50),

falmal (_gyp + Z;—g‘::))

2 2 :
q°-—mg, + lmalF

(6;(*0 )p
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falma](_gyy _i_%)

Tt = 916G (€4n), ,
916G ( Ko)v qz_mg]+imall—~u]

H o _
Ga, =

©)

by taking the leading-order term of 1/m3,. Gp=
g/ (4/2m3,) is the Fermi coupling constant. The A, —
A.K*~K° amplitude has the opposite sign relative to
Eq. (8), which comes from the different sign of the
a7 (1260) — K*°K~ and K*~K° vertices.

|

. igw ) - ) (igwVua
—iM, = (2 ) a1 - w
l T < )MUY ( yS)uT qz—mﬁ,—i—ie < 2 falma|>

2v/2

i +£0)

We fix the parameters in Eqgs. (6) and (7) with the 7~ —
v, K*YK~ partial width given in the PDG [32], assuming the
production is dominated by the a,(1260) meson. In the
spectral function of 7 — 3zv, [40,41], one can see a
significant peak at 1.2 GeV2. The K~K*z~ distribution
of the = — v, K~ K*z~ decay, in which a large amount of
Ktz~ comes from K*¥, is available [42], but the data are
not enough for the analysis. The matrix element of the
77 = v, K* 9K~ decay is written as

i(_g/w + %)

A——(+91)(€x0),

q2 - mgl + ima]Fm

~ glGFvudub}/ﬂ<1 - 75>ufgyv B

=GV, LM,
L= Ijtl/]/”(l - ]/5)”1-

For the a,(1260) mass and width, the central value of
the PDG [32] is used; m, =123 GeV and I', =

0.425 GeV.? The spin sum and average of the leptonic
part £V is given by

Lo =LoL7 =

4m,m,,
pepl + PEpe — g% (pe - pu) +ie(p.),(p,),). (13)

with p, and p, being the momenta of the 7z lepton and
neutrino, respectively. Then, the matrix element squared
with the spin sum and average is

(o ),4’ (Px=)y

2 _ 2022 i s
|M‘r| - glGFVudﬁ;wGa] Gal —9uv + B s

m K0
(14)
and the differential width is
R S L y v
dM-, dM7%.o . (27)°32m3 " F

The peak in the spectral function in Refs. [40,41] is a bit lower
than the a;(1260) mass from the PDG [32]. See, e.g., Ref. [43]
for a recent study on the a;(1260) meson in the 7 decay, and see
also Refs. [29,38,39,44-55] and the references therein for the
works concerning the a,(1260) properties.

falmal (_gyp + qbg/’)

mg,

€., 10
q —mgl +im, Ty, (¢o)y (10)

(11)

(12)

|
In practice, we do not need to fix f, and g; independently
because a product f, m, g, appears in the amplitudes
Egs. (8) and (11). Finally, with the partial width of 7= —
v,K*°K~, the product f, m, g, is fixed to f, m, g =
1.0 GeV?.

B. K* — 7K and K* — 7K amplitudes

We move to the K*~ — 7~ K° and K** — 7= K* ampli-
tudes. The p-wave amplitude of a vector meson decaying
into two pseudoscalar mesons can be obtained from the
effective Lagrangian [22,56-59],

Lypp = —ig(V¥[P.0,P]), (16)
with
z oy + +
N d K
— ° 1 0
P = T —754‘%7] K ,
K- K° %}1
Pt + *+
n oK
_ _ .
Va=| - e ko (17)
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The brackets (...) stand for the trace of the flavor SU(3)
matrices. From this Lagrangian, the amplitudes of K** —
7 Kt and K*~ — 7~ K" are given by

—itgo g+ = +igego - (P — Px+)s

_itK*’,ﬂ’I?O = —igeg- - (pﬂ‘ - pl‘(o). (18)

We fix the parameter § for the coupling of K* — zK with
the isospin averaged mass and width of mesons;

27 Pk 1
Iy = , = AW2(m2. m3, m2), (19
K 8am?. Pk 2y (mg.,mg,mz), (19)

with the Killan function A(x,y,z) = x> + y> + 2% — 2xy —
2yz — 2zx, and Eq. (19) leads to g = 4.5.

C. KK — n*n~ scattering amplitude

For the scattering ¢ matrix of the KK to a meson pair
MM, tyy k. We use the amplitude calculated in the
framework of chiral unitary approach. The 7z — KK — 7n
coupled-channel system around 1 GeV was studied in this
framework in Ref. [60] with a particular interest in the f,
and a, resonances followed by the studies with similar
approaches [61-63]" and the applications to many reac-
tions. In this work, we follow the setup of Ref. [69]; the
f0(980) resonance is dynamically generated as a result of
the nonperturbative meson-meson interaction, and it is
found in Refs. [69-71] that the line shape of the ztz~
|

KO (ky—=1) 7 (k — ko)
[ c——— ———- )
IS L4
A, PET (k1)
K= (l) ‘~.'—)—..)... T (k3)
Jo(980) (k2) Q*‘ 7 (ks)

FIG. 4. The K**K~K* loop diagram for the z~f,(980)
transition amplitude T,.

invariant mass distribution around 1 GeV is described fairly
well. The amplitude is given by the scattering equation

tij=(1- Ug)_lv]i,j (20)

with i, j = 2772, 2%2°, KTK~, K°K°, y. The interaction
kernel » comes from the s-wave part of the leading-order
chiral Lagrangian, and g is the meson-meson loop function
with cutoff regularization given in Ref. [69], where the
cutoff parameter A for g is chosen to be 0.6 GeV.

D. A, — A~ f((980) amplitude via the K*KK loop

Combining the amplitudes given above, we can obtain
the loop amplitude given by the diagram in Fig. 4, which is
denoted by T,. We can write the amplitude given by the
diagram in Fig. 4 with the K*K~ K™ triangle loop (a meson
pair MM’ in the final state comes from the KK~
rescattering) as follows:

ko1, (K~
a4l (_g;w + %)(kl - 2k2 + l)y 0
T, =—igtyw x+x- L. = —igL,(K* K~ K"ty x+x-
p = TH9tMM KK / QP [B—mi +iell(k — 1) —m2y + ie][(ky — ) —mi% +ie] a v ko
(1)
with
d'l (=9 + (kl_%ﬂ)(kl =2k, + 1)*
L,(KK~K™) :/ AR o SRR R— T2
2m)* [I? — my- +iel[(ky = 1)> = m.o + ie][(ky — 1)* — my. + ie]
B / a1 1
) Q)P = mi- + i€][(1+ ky)? = mE o+ i€][(I 4 ky)* — m%. + ie]
ky - (ky = 2ky) ky - (ky = 2ks)
. |:_(k1_2k2)”+Tklﬂ+ 1+T lﬂ
2ky - 1 2ky - 1 2
oty el P T zﬂ}. (22)
M0 e M0 M0

The scalar mesons around 1 GeV have been studied for a long
time, and many studies were devoted for it from various view-
points, e.g., as done in Refs. [64—67] (see also Ref. [68] for a
review article).

A library for the one-loop integrals, LoopTools, is used [72].
In Eq. (22), the momenta k; and k, are defined as in Fig. 4.
Now, the renormalization scale, u, associated with the
divergence of the loop integral is fixed to be 1 GeV, and the
change of this parameter to 4 = 0.5 or 1.5 GeV gives just a

074041-5



SHUNTARO SAKAI

PHYS. REV. D 101, 074041 (2020)

tiny difference. The width effect of the K** meson in the
loop is included by replacing the squared mass of the K*°,
M., With m?., — img.olgo in this study.

Then, with the part of the A, = A.K**K~ transition
given in Eq. (8), the A, = Az~ f((980); f1(980) - MM’
amplitude via the K*°K~K™ triangle loop is written as

(K*OK-K*)
- MAb A~ MM’
= —i091GFVuaVerBuGa tyr ik~ Ly (KKK ™).

(23)

The amplitude of the K*~K°K? loop is obtained by just
changing the label of the internal particles with the same
sign relative to the K**K~K* loop taking into account the
minus sign of a7 K *K and K*zK vertices. Then, adding the
contribution of the K*"K°K°? and K*°K~K™* loops, we
obtain

. _ (KOK~K*) (K*~K°KY)
—IMp, A = lMA,, A MM lMA,,,A(n’MM’

= —igg,GpV uchbBﬂGléll/
X [ty ko x-Lo(KOK™KT)
+ tyr xogo L, (K"~ K°K9)]. (24)
In the following, we consider the case of MM’ = ztz~ in
the final state to see f,(980). In the isospin symmetric case,

where the isospin averaged mass and width of the mesons
are used, the amplitude is reduced as follows:*

- iMAI)~Ac”_fO
= =2iG91GrV gV epB, Gl L (KK™ K )yt - i k-

(25)

This isospin averaged amplitude will be used in the
following calculation.

Using the formula of the phase space volume in
Ref. [22], the differential distribution is given by

. 2]’}'1/\(_21”’1/\[7
95 8,,2
2°(27)°m3,

szAb A fo
dM i p-dM -,

PA Pz Pl

[ a0 a0y a0 WA

(26)
with
1
_ 1202 2 A2
pr = PR R M) (@
“Note that Kt K~ = [-(KK),_, — (KK),_y]/v/2 and K°K* =
[(KK),—, — (KK);_o]/v/2 with a phase convention |K~) =

SI=1/2.1, = =1)2).

~ 0.08
s My ;=13 GeV
) — M, ;=142 GeV
S 006 3 M,,,;,=1.5 GeV
=
3T 004
3| =
— S
ST 00
= 4 A
0'%990 0. 95 1.00 1.05 1.10
n* o (GCV)
FIG. 5. The 7"z~ invariant mass distribution (d°T" Ayt fol
dM -, dM i 5-) [Tn,. M-, is fixed to 1.3 GeV (red dashed),

1.42 GeV (black solid), and 1.5 GeV (blue dotted).

p;f 2M -5 11/2<M;21 fo’ 7277’M72L'+7l_)’ (28)
7 Jo
1

Pe =90 S APME L mEmz).(29)

The angles Q, , Q;-, and Q" are those of A, 77, and 7"
in the A, rest frame, the 7z~ f(,(980) c.m. frame, and the
#tx~ c.m. frame, respectively.

III. RESULTS

We show in Fig. 5 the z7z~ invariant mass distribution
given by Eq. (26) normalized with the A,, full width, I’y ,
with M- = 1.3,1.42, and 1.5 GeV. A peak of f,(980) is
clearly seen at M+ ,- = 0.98 GeV, and the largest strength
is given with M-, = 1.42 GeV by the virtue of the K* KK
triangle mechanism.

Integrating Eq. (26) over M,:,- in the range of
M- €09, 1.1] GeV, we obtain the 7~ f((980) invariant
mass distribution, (dl',_x s 7,/dMz7,)/Ta,» shown in
Fig. 6. The distribution is normalized with I"y, again. In the
7~ fo(980) distribution, a peak around 1.42 GeV with a

TP\ 0.0012
% 0.0010
g o
pS 0.0008
It“ \i
i § 0.0006
<1 0.0004
5 )
~| £ 0.0002
0'000?.0 1.1 1.2 1.3 1.4 1.5 1.6
Mﬁ_fo (GCV)
FIG. 6. The 7 fy(980) invariant mass distribution

(dUp =z 1,/ AM4-,) /T, as a function of M- .
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M,r*fO(GCV)
FIG. 7. The 7z f;(980) invariant mass distribution

(dUA,=A 21,/ AM 7,) /T s, with different parameters in the
A, = A, transition form factor. The lines (a) and (b), which
are plotted with the black-solid and red-dashed curves, are the
plots with the parameter set of the A, — A. form factor given in
Ref. [35,73], respectively. The gray and red bands of the lines (a)
and (b) reflect the uncertainties of the parameters in the A, — A,
form factors in each model.

width of the order of 0.1 GeV originating from the TS is
clearly seen. The distribution is similar to the ones in the
a1(1260) decay and the = decay calculated in Refs. [18,21].
Note that the z*z~ pair in the final-state 7z~ 7"z~ is
produced by f(980) in this calculation. The z~z" 7z~ in
the final state would be mainly produced by the s-wave zp,
which is a decay product of aj(1260), as studied in
Refs. [17,18] in the 7~ p — zt 7z~ 7~ p reaction.

By integrating (dI's, .z »,/dM,-7,)/T s, in the range
of A =[1.0,1.6] GeV, we obtain the branching ratio Br;

Bra(Ay = A f0(980); £0(980) — 7777)

1 dFA SAf,
=— | dM,, —F—==2 30
La, Ja o am 7 fo i
=22x 1074, (31)

which is the same order of magnitude obtained in the 7~
decay into v,z f,(980) via the triangle mechanism [21].

To see the uncertainties from the A, — A, transition
form factors, we show the plot in Fig. 7 with different
parameter sets of the A, - A, form factors given in
Refs. [35,73] which are denoted by the lines (a) and (b),
respectively. The gray and red bands are the uncertainties of
the lines (a) and (b) originating from the parameters in the
A, — A, form factors. The gray band for the uncertainties
of the line (a) is obtained by using the errors of F(0) in
Eq. (4) given in Ref. [35]. In Ref. [73], the errors of the
form factors are estimated less than 5%, and here the
uncertainties of the line (b) expressed with the red band are
given by changing F(0) by +5%. One can see the
relatively large uncertainties of the line (a) expressed with
the gray band. The branching ratio Br, is in the range from
1 x 107 to 5 x 1074, still the order 10~*. Comparing the

0.0012
T — with a;(1260)
% 0.0010 - without a,(1260)
&
=7 0.0008
2
5| =
2| = 0.0006
L=
1S 0.0004
=
~| £ 0.0002
0'00001.0 1.1 1.2 13 1.4 L5 1.6
Mn‘fg (GCV)
FIG. 8. The 7 f((980) distribution (dla,p » 7,/

dM,-;)/T's, with and without a;(1260). The black-solid
(red-dashed) line is the plot with (without) the a;(1260)
resonance.

lines (a) and (b) in Fig. 7, one will see the similar line
shapes with the different parameter sets; the peak structure
around 1.42 GeV is stable. We note that, for the A, — A,
transition amplitude, only the external W~ emission dia-
gram is taken into account, and the approximation gives
some further uncertainties which are not addressed in
this study.

In the amplitude Eq. (8), the a;(1260) dominance in the
K*~K° and K*°K~ production is assumed. For comparison,
we show the plot without the intermediate a;(1260)
resonance in the production.5 In terms of the K*K inter-
action, if the K*K interaction is weak or moderately
attractive and the coupling to the a;(1260) is not so large,
the K*K rescattering amplitude is expected to have a
moderate energy dependence, and the K*K production
from W~ can be approximated with a constant contact term
involving all the short-range physics of the process. On the
other hand, if the K*K interaction is sufficiently strong, the
K*K generates a pole dynamically [38,39,46], and the K*K
rescattering can be represented approximately with the
coupling to the pole, which may be related to a; (1260), and
the details of the K* K interaction is encoded in the coupling
constant of the pole and the K*K channel from the
viewpoint of the Weinberg compositeness relation [75].
Comparing the 7~ f((980) distributions with and without
a,(1260), we can see the effect of the different production
mechanisms and the interaction of the initial K*K pair on
the 7~ f,(980) distribution and the stability of the TS peak
against it. In the case without the intermediate a,(1260),
the decay amplitude of A, — A.z"f((980) is given by

5In Ref. [74], the effects of the a,(1260) meson in the B~ —
K~K**D™) transition part of the B~ — K~7DJy, decay with
a K**DOK* triangle loop are studied, and it is found that the
peak originating from the triangle mechanism is not changed with
the inclusion of the a;(1260) contribution.
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FIG. 9. Comparison of the plots with different production
mechanisms. The lines (a) and (b) are the plots with the
77 fo(980) pair via the triangle mechanism and the direct
production by ay (1260), respectively. The amplitudes Egs. (25)
and (34) are used for the plot of lines (a) and (b), respectively. In
the plot of the line (b), the parameters are fixed to be the same
order as the line (a).

replacing the a,(1260) propagator G4, with ¢* in Eq. (25).
The W~ — K*K amplitude is given by Eq. (7) by replacing
the a7 (1260) polarization vector with the W~ one.

The 7~ f((980) invariant mass distributions with and
without a,(1260) are compared in Fig. 8. The peak around
1.42 GeV can be seen in both cases, and the distribution
without a; (1260) has a longer tail than that with a;(1260).
The branching ratio defined in Eq. (30) is Bry = 1.8 x
10~* without the intermediate a,(1260) resonance. The
ratio is smaller compared to Eq. (31), but it is still the same
order of magnitude.

To clarify the feature of the triangle mechanism in the
Ay = Az f((980) process, we compare the invariant
mass distribution of 7~ f,(980) produced with and without
the triangle mechanism. The amplitudes of a,(1260) —
7~ f0(980) in the p wave and f((980) - zz~ in the s
wave, which are needed for the amplitude of the direct
production of the p-wave 7z~ f((980) pair from ay (1260),
are written as

=ity 2 £,(980) = 91€a- * P~ (32)

~ity,(980)xtx~ = 19fymn- (33)

The decay amplitude of A, - A.z”f,(980) followed by
f0(980) —» ntz~ with 77 f((980) directly produced by
ay (1260) is given by

_iM;\b,ACﬂ’fO = _GFVuchbBﬂ(Gal )pu/

/ U_
> . gfo.mzzglpﬂ. ) (34)
er+ﬂ7 - mf() + lmeFfO

For simplicity, we just use a Breit-Wigner amplitude of the
f0(980) resonance with the mass and width from the
PDG [32].°

In Fig. 9, the 7~ f,(980) invariant mass distribution with
Eq. (34) is compared with the one with the triangle
mechanism given by Eq. (25). The distribution with
7~ f(980) directly produced by a;(1260) has no structure
around 1.4 GeV and just increases as a p wave. On the other
hand, in the case with the triangle loop contribution, the
peak of the TS is located around 1.42 GeV with the width
about 0.2 GeV in the distribution. Thus, the triangle
mechanism has the clear distinction from the other pro-
duction mechanism we considered here.

IV. CONCLUSIONS

We have studied the A, — A,z f((980) decay with
£0(980) = nt ™. For the A, —» A K*K(KK*) production
part, the amplitude is factorized into the A, — A, transition
and K*~K°(K~K*?) production from the aj(1260) reso-
nance which are connected with a W~ boson taking the
leading contribution in terms of the color counting [33].
The A, — A, transition form factors are taken from the
theoretical studies [35,73], and the chiral unitary approach
is employed for the KK — 7~ transition amplitude [69].
A coupling constant related to the production of K*~K? is
fixed with the 7~ — v, K*~ K° branching ratio assuming the
a,(1260) dominance.

A peak of the f,(980) resonance is seen in the 77z~
invariant mass distribution, and the peak has the largest
strength when the 77 f(980) invariant mass is fixed to
be 1.42 GeV. Integrating the z"z~ distribution, we
obtain the 77 f((980) distribution which has a peak
around 1.42 GeV due to the triangle singularity of the
K*KK loop. With further integration over the 7~ f(980)
invariant mass in the range of M, € [1.0,1.6] GeV,
the branching ratio of A, = A.x7f,(980) with
f0(980) = nt2~ by the K*KK triangle mechanism is
obtained as 2.2 x 10™*. Considering the uncertainties
from the parameters appearing in this calculation, the
renormalization scale for the loop regularization, and the
parameters in the A, — A, transition form factor, it is
found that the branching ratio of A, — A,z f,(980);
f0(980) — zz~ is the order 10~* and the peak position
originating from the triangle mechanism is not changed,
although a more sophisticated treatment of the A, —
A K*K transition part may be needed in the future for
more definite predictions. The comparison of the dis-
tributions with and without the intermediate a,(1260) is
also done, and it is found that the peak around
1.42 GeV is not changed even if the a;(1260) is

®In the studies of the f((980) resonance, the Flatté(-like)
amplitude [76] is used to analyze its properties due to the nearby
KK threshold; see, e.g., Refs. [67,77,78].
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omitted, while some difference in the shape of the
distribution can be seen. The branching ratio without the
a;(1260) is still the order 107*. The distribution of
7~ f0(980) directly produced by the a;(1260) meson
without the triangle loop is also considered to compare
it with the distribution including the triangle loop
contribution, and it is found that the distribution without
the triangle loop just increases without peak structures,
which is quite different from the distribution with the
K*KK triangle mechanism.

The part of the K*KK triangle loop is identical to
the mechanism considered in Refs. [17,18] to explain
the a,(1420) peak in 7~ p — 7z~ 7~z p observed by the
COMPASS Collaboration [23]. Then, future measurements
of the branching ratio of the A, = Az~ f(980) and the
7~ f1(980) invariant mass distribution, particularly the peak
structure around 1.4 GeV, which are the predictions made
in this work, can provide a support of the a;(1420) peak as
a manifestation of the triangle singularity, and they also

provide further knowledge about the role of the triangle
singularities in the hadronic reactions.
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