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Abstract We study the J /v — KTK™ £(980)(ap(980))
reaction and find that the mechanism to produce this decay
develops a triangle singularity around M, (K~ fo/K ~ag) =
1515 MeV. The differential width dI"/d Miny (K~ fo/K ~ao)
shows a rapid growth around the invariant mass being
1515 MeV as a consequence of the triangle singularity of this
mechanism, which is directly tied to the nature of the f,(980)
and ap(980) as dynamically generated resonances from the
interaction of pseudoscalar mesons. The branching ratios
obtained for the J/¥ — KTK~ £5(980)(ap(980)) decays
are of the order of 10~>, accessible in present facilities, and
we argue that their observation should provide relevant infor-
mation concerning the nature of the low-lying scalar mesons.

1 Introduction

Discussed already in Ref. [1] and systematized by Landau in
Ref. [2], the triangle singularities (TS) were fashionable in
the sixties [3—8] and efforts were done to understand some
reactions through TS mechanisms [9,10]. A triangle mech-
anism stems from the decay of a particle A into 1 + 2, fol-
lowed by the decay of 1 into 3 + B, and posterior fusion of
2 4 3 to give a new particle C (see Fig. 1a) or 2 4 3 (see
Fig. 1b, rescattering), or a different pair of particles. It was
shown in Ref. [2] that when all these particles, 1, 2, 3, can
be placed on shell in the corresponding Feynman diagram,
a singularity can develop in the corresponding amplitude.
The conditions for the singularity are made more specific by
Coleman-Norton [7] showing that particles 1 and B have to
be parallel in the A rest frame and the process has to be pos-
sible at the classical level. Analytical expressions of these
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conditions can be see in Ref. [11] and in a simpler form in
Ref. [12]. The formalism of Ref. [12] allows one to see the
explicit effect of the width of particle 1 in the shape of the
singularity, and this is explicitly shown in Ref. [13] where
some considerations are made concerning the Schmid theo-
rem [8], which states that in the case of the mechanism with
2 + 3 — 2 + 3 (rescattering) the triangle singularity can be
absorbed by the tree level diagram A — 142 (1 — 3+ B).
In Ref. [13] it is shown that this only occurs in the limit of
zero width for particle 1, where the triangle mechanism is
negligible with respect to the tree level one.

With the advent of a large amount of experimental infor-
mation, examples of triangle singularities have become avail-
able lately, and the field has experienced a revival. The spark
was raised by the puzzle of the anomalously large isospin
breaking in the 7(1405) — 79 £5(980) reaction [14], which
was explained in Refs. [15,16] in terms of a triangle singu-
larity (see also following references [17,18]). It is interesting
to recall the mechanism of Refs. [15,16], which has served
to disentangle related reactions and to make predictions for
new reactions that should see TS effects. The mechanism
studied in Refs. [15,16] consists of 1n(1405) — K*K, fol-
lowed by K* — 7 K and later fusion of K K to give ap(980)
or fo(980). There is no problem in having K K — ao(980),
since wap(980) can match to zero isospin of the 1n(1405),
but KK — f0(980) is isospin forbidden, since 7 f((980)
has isospin one. The difference of masses between KK~
and K°K? in the triangle loop prevents the exact cancella-
tion of two diagrams that occurs in the limit of equal masses
where isospin is conserved. This also leads to a peculiar very
narrow shape of the f((980) that is not tied to the natural
width of the f(980) but to the difference of masses between
K*tK~ and K°K°.

The above reaction is also very enlightening from the
point of view of the nature of the f{(980) and a((980), since
these resonances are not directly produced but come from
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Fig. 1 Mechanism for a A 1
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triangle singularity

(a)

Fig. 2 Triangle diagrams for
the J /¢ —

KK~ fo(980)(a0(980))
decays. The parentheses give the

(b) 2
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(b) P =pyyy — Pk K (q)
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the rescattering of the K K components, i.e., the mechanism
for the formation of these resonances in the chiral unitary
approach [19-22]. This same TS mechanism appears in the
T~ — v fo(ag) decay [23], the B_? — J/yr° folao)
decay [24], the D;” — g7 fo(ap) decay [25], and the
B~ — D*g- fo(ap) decay [26]. The same triangle sin-
gularity was shown in Refs. [27,28] to provide a natural
explanation for the peak around 1420 MeV observed in the
7 f0(980) final state in diffractive 7 p collisions by the COM-
PASS Collaboration, which was originally branded as a new
“a1(1420)” resonance [29]. It is easy to envisage many reac-
tions of this type, one also from the J /vy decay, as J/¢¥ —
n@K*K followed by K* — K7 and KK — fo(980).
Once again one can anticipate a peak at Miny (73 fo) ~
1420 MeV like in the other reactions. However, the possibil-
ity to have different pairs from the w7~z "7~ final state
forming the fo(980) makes the experimental analysis and the
theoretical work more involved.

Related reactions, T~ — v,wA (A for axial-vector
mesons) [30] and concretely the = — v~ f1(1285)
[31], rely upon the K*K*K intermediate states with a good
description of the T~ — v~ f1(1285) data [33] (see
alternative approach in Ref. [32] based on the Nambu-Jona-
Lasinio model). For these latter reactions, the K*K in the
triangle loop fuse to give the axial vector mesons, which
are also dynamically generated from the pseudoscalar-vector
mesons interactions according to the chiral unitary approach
[34-36].

A related mechanism is also used in Ref. [37] to describe
the B, — Bsmm reaction with the 1,2, 3 particles being
K*BK, the B~ — K~ 7~ D! (2317) reaction [38] with
K*DK in the intermediate states, the A, — wm A(1405)
reaction [39] with K* pk in the intermediate states, and the
A, — 7wm X* reaction [40] with K*pK in the intermedi-
ate states. Other reactions rely on very different interme-
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diate states, like in the ¥ — KK J/v reaction [41] with
Dy1 Dy D* in the intermediate states, or the A, — 7 ¢p reac-
tion [42] with X*K* X in the intermediate states. A recent
review of reactions explained in terms of TS mechanisms and
predictions made for many other physical processes can be
seen in Ref. [13].

The reaction proposed here relies upon a different inter-
mediate state, not discussed previously, which involves the
K K ¢ intermediate states, as depicted in Fig. 2. The reac-
tion is J/¢¥ — KTK™ f(980)(ao(980)). It involves the
strong J /v decay and the mechanism proceeds via J /¢ —
K™K~ ¢, followed by ¢ — K~ K™ and the posterior fusion
of K™K to give either the f,(980) or ap(980). Both reac-
tions are possible in the present case but the rates of produc-
tion are tied to the way the KK~ generates the f;(980)
or ap(980) resonance through its interaction, hence, provid-
ing new information on the nature of these resonances. The
intermediate states in the loop, 1, 2, 3, are now ¢ K~ K +.In
addition, the ¢ is very narrow, Iy = 4.25 MeV [33], and in
particular the TS structure should be narrow around the TS
point given by the equation [12]:

qon — qa— =0, (1

where ¢on is the on-shell momentum of the ¢ and g, the
on-shell K~ momentum in the loop, antiparallel to the ¢.

It should be noted that the TS condition of Eq. (1) is now
fulfilled only in a very narrow window of K™K~ energies
between 987 MeV and 993 MeV, where the f,(980) and
ap(980) peak. Away but close to the point where the TS
appears, the amplitudes are no longer singular in the Iy — 0
limit, but a peak structure still remains by inertia. Yet, this
feature confers the amplitude a special signature that makes
the shapes different to ordinary cases of f((980) or ag(980)
production, which is tied again to the dynamical nature of
these resonances formed from the pseudoscalar-pseudoscalar
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interaction in coupled channels. The reaction, hence, contains
relevantinformation concerning the nature of the f(980) and
ap(980) resonances.

The condition of Eq. (1) is very useful to know when
one has a TS, and helps rule out related triangle mechanisms
which however do not develop a singularity, and hence do not
compete with the singular mechanisms. In this sense we can
envisage a primary J/¢ — K K*m decay with K* — Kn
and the two pions merging into the f,(980). We can apply
the condition of Eq. (1) to this mechanism containing K *m 7
in the loop, but with the same final KK f0(980) state as in
the mechanism of Fig. 2. However, in this case one can see
that gon and g,— are very far from each other, leading to a
mechanism that cannot compete with the singular one, and
which in any case only provides a smooth background in
the region where the mechanism of Fig. 2 produces a peak,
which is what we want to investigate. The smaller coupling
of f9(980) to w than to K K also helps to make this back-
ground smaller.

2 Formalism

Our mechanism for the J/¥ — KK~ f5(980)(ap(980))
reaction is depicted in Fig. 2. There is a primary decay of
J/¥ — KT¢K~, asecond decay of ¢ — K~ KT, and
the posterior fusion of K~ K™ to produce the f,(980) or
ao(980) resonance. Given the complicated dynamics of the
whole process, our strategy to provide absolute numbers for
the decay width and mass distributions consists of taking
the information for the primary step J/¢¥ — KT¢K ™~ from
experiment and the rest can be calculated reliably. In view of
this, we study in a first step the reaction J/y¥ — KT¢K ™.

2.1 The J/4¥ — KTK~¢ decay

The J/¥ — KTK~¢ decay can proceed via S-wave. We
take its amplitude, suited to the production of two vectors, as
in Refs. [26,38]:

tijy—k+k-¢ = A€ /) - €(9), 2

where €(J /) and €(¢) are the polarization vectors of the
J /¥ and ¢, respectively. Then we write the K~ ¢ invariant
mass distribution of this decay as

dlypy—k+k-¢
dMiny (K~ ¢)
1 1 - 2
- - t LI G
@n)3 am3,, Pr+Pr- ) D tw—krx-ol . 3

where pg+ is the momentum of the K™ in the J/v rest
frame, and pg- is the momentum of the K ~ in the K ~ ¢ rest

frame:
A2 (M3 % M2 (K 9))
PK+ = 2MJ/10 )
172 (a2 - 2 2
,.ﬁ, _ A / <Minv(K ¢))s mK—a m¢) (4)
K 2Miny (K~ )

Here A(x, y, z) is the Kiillen function A(x, y, z) = x4+ y2 +
22 —2xy — 2yz — 2xz.
After summing over polarizations of Eq. (2),

iz |tJ/1//—>K+K’¢|2

1
= 25 A2 €(J/Y) - €(9) €(J /) - €()

=A%, ®)
we can simplify Eq. (3) to be
dFJ/l//—>K+K’¢ 1 1 ~ 2
= +pg- A°. (6)
M (K=¢) @) an,, TP

Thus, the branching ratio of the J /¥ — K K ~¢ decay can
be calculated through

Br(J/¥ — KTK~¢)

- ! / Woyokk=e 0 k=g)

Ty dMiny (K~ ¢)
_ A / ! ! Pk- AdMiny(K™¢),  (7)
Ly ) eodami,, PK PR @iy ’

where the integration is performed from Min (K ~@)min =
my- ~+mg t0 Miny (K™ @)max = mjjy — Mg+

The branching ratio of the J/¥ — KK~ ¢ decay has
been experimentally measured to be [33]

Br(J/¥ — KTK ¢) = (83+£1.2) x 107%. 8)

Using this as the input, we can determine the value of the
constant .4, satisfying:

A2 Br(J/y — KtK~¢)

iy fﬁmplﬁﬁl(*d/winv(lf_fﬁ)

=0.018 £+ 0.003 MeV~', 9)

where the error is taken from Eq. (8).

2.2 Triangle diagram mechanism for the
J/Y — KTK™ £5(980)(ap(980)) decays

In the former section we studied the J /Y — KK~ ¢ decay.
In this subsection we show how the

J/¥ — KTK™ £5(980)(ap(980)) decays can be produced
using this input. To do this we look into the triangle dia-
grams depicted in Fig. 2. The two mechanisms of Fig. 2a,
b are clearly distinguishable. The kinematics of the reaction

@ Springer
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around the TS point provide for the mechanism of Fig. 2a
amomentum pg+ ~ 1114 MeV/c and pg- =~ 170 MeV/c,
and opposite for the mechanism of Fig. 2b. In addition, as
we shall see later (see Eq. (16)), in one diagram we have
€(J/V¥) - k(K ™) and in the other one €(J /) - k(K ). Upon
squaring the sum of the two amplitudes and summing over
the J /4 polarizations, we get the crossed term proportional
to k(K™) - k(K™), linear in the cosine of the K~ and KT
angle, which will cancel upon angle integrations in the phase
space. Because of this, there is also no interference between
these mechanisms. The two mechanisms give the same width
and we can study just one of them.

We take the first diagram Fig. 2a and the J/vy —
KTK™ f(980) decay as an example, and write down its
amplitude as:

t .A/ i i
it =_
(27T)4(P q)2—m +ieg? —m _+ie

(P—q—k)z—mﬁﬁ—l-ie
xe(J/¥) - €(p) €(p) - Ck +q — P)
x(—igv) (—igf k+k-)

B d'q 1 1
- Qm)* (P —q)2 —mj +ieq> —my_ +ie
1
X ) ) -
(P—q—k)>—my, +ie
xe(J/¥)- 2k +q—P)gv gf k+k-> (10)

where in the last equation we have summed over the ¢ polar-
ization. The ¢ — K+ K~ vertex is obtained from the P-wave
Lagrangian [46,47],
Lypp = —igy{[P. 8, P1 V"), gv = -, (1)
2fn

where P and V are the ordinary pseudoscalar and vec-
tor meson SU (3) matrices, my is the vector mass (my ~
800MeV), and f is the pion decay constant ( f;; = 93 MeV).
This Lagrangian produces a vertex
tookok- = gv(Plgs — Pl (@), (12)
and the €(¢) component can be neglected as shown in
Appendix A of Ref. [38], since the three-momentum of the
¢ is very small compared to its mass for ¢ on-shell in that
diagram. The f(980) — K+TK~ and a¢p(980) — K+TK~
vertices are obtained from the chiral unitary approach of
Ref. [19] with g4 x+x- = 2567 MeV and g, x+x- =
3875 MeV. Note that these two vertices will be more care-
fully examined in the next section.

Then we follow Refs. [12,43] and perform analytically
the ¢° integration in Eq. (10) in the K~ f5(980) rest frame,

@ Springer

with the result

/ 1
=A
(2m)3 SwK+wK wy kO — wg+ —wy +ilp/2

Miny (K~ f0)+wK +a)K+_k0
1
—a)K——CL)K+—k0+i6
1
—wp —wg- +ily/2

X
Minv(KifO)

X
Minv(KifO)

x <2Minv(l(_ fo)wk- + 2w+

—2(wg- + wg+)(Wg- + wg+ + w¢))

xgv&fy k+k- €(J/V) - (2k +q), (13)

where

wg- = /mi_ + 42,
wg+ =M. + (g + k)72,
wp = \Jmj + g,

2
O M} (K™ fo) +my —m?%
2M1nv(K fO)
1/2 2 — 2 2
A2 (M2 (K o), m w3
ZMinv(K_fO)

In addition, since k is the only momentum not integrated in
Eq. (13), we can replace

’

k= k| = (14)

3 3 q-k
/dqq—>kfd e (15)
Then the amplitude ¢ of Eq. (13) can be rewritten as
t=Agy gp.k+x- €J/¥) - ktr, (16)
where
a3 1 1
It = A

(2m)3 Bwg+wg-wg kY — wg+ — wy +ily/2
1

Miny (K~ fo) + 0g- + o+ — k0
1
Miny (K~ fo) — wg- — o+ — k0 +ie
1
Minv(K_fO) — Wy — WK +iF¢/2

x (ZMim,(K_ fo)wk- + 2kwx+

—2(wg- + wg+)(wg- + o+ +a)¢))

q-k
24+ — 17
«(2+25F). a7
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Fig. 3 Triangle diagrams for +
thea,b J/¥ — KTK~
f0(980) - KT K~m*m~ and

T Jly
c,dJ/y - KTK™ap(980) —

Kk Sy / o(P-q)

K

K (k)

K+ K~7% reactions

My / 9(P-g)

K" (P-g-k)

K () K™ (P-g-k)

Jo

(b) i

K

Jy / 9(P-4)

K (k)

K™ (k)

As in Ref. [12], the above integration is regularized with the
factor 6(gmax — |q *|), where ¢ * is the momentum of the
K~ in the rest frame of f(980), with gmax = 600 MeV as
it is needed in the chiral unitary approach that reproduces
the f(980) [44,45]. After summing over polarizations in
Eq. (16), we obtain

~ 1
DD NP =AY € ey P €U/ ke /) K

1
=A% gy g5, ok Il 5 kI (18)

Now we can write the K~ fp(980) invariant mass distri-
bution of the J/v¥ — KK~ fo(980) decay as

ATy y— K+ K- £,980)

dMinv(K_fO)
1
= Gy 4M2 PP S Il (19)

where p'., is the momentum of the K T in the J/vy rest

frame, and p;_ = k is the momentum of the K~ in the
K™ f0(980) rest frame:
W2 (2 2 2 (p—
, / (MJ/‘/f’ My, MinV(K fO))
Pr+ = 2My sy ’
A2 (M2, (K o) m )
~ KT T fo

2Minv(K7f0)

Recalling Egs. (9) and (18), we obtain the differential branch-
ing ratio of the J /¢ — KK~ f3(980) decay to be

1 dlyy—k+K- f,(980)
Ty dMiny (K™ fo)

A2 1 11, _; 2
Fj/w (27) 4M2 3p[(+p1( gvgf0K+K Tl

11y
2D

The case for ap(980) production is identical replacing
8 fo.K+K- DY &ap, K+K -

23 The J/¥ — KTK~ fy(980) — K+K~ 77~ and
J/¥ — KtK~ay(980) — K+ K~ reactions

In the former section we studied the triangle diagram mech-
anism for the J /¥ — KTK™ f3(980)(ao(980)) decays. In
this section we further consider that the f(980) and ay(980)
will be seen in the 777~ and 7 mass distribution, respec-
tively, as depicted in Fig. 3. Take the first diagram Fig. 3a as
an example, the J /v first decays into KK ~¢, next the ¢
decays into K™K ~, then the K~ and KT merge to give the
£0(980), and finally the f,(980) decays into 777 ~. We can
write down its amplitude as:

Af i i
—i
(277)4(P q)z—m +ieq? —m _+ie

(P—q—k)z—m%(++ie
xe(J/Y) - €(p) () - 2k +q — P)
X(—igy) (—itg+Kk— n+z-)
d*q 1 1
Qm)* (P—q)z—mq%+ieq2—m%(, +ie

@ Springer
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1
X

(P—q—k?—m2, +ie
xe(J/¥) - Qk+q — P) gy IK+K— ntm—

(22)

This amplitude ¢’ is very similar to 7 given in Eq. (10) in the
former section, just with g ¢ g+ k- replaced by the transition
amplitude 7g+x - 5+7-. We can follow the same procedure
to simplify it to be

1= Agy txik-ain € /U)K 1], (23)
where 17 is also very similar to 77 given in Eq. (17), just with
the following replacements:

MZ (K™ fo) + m%_ — M2 (xt7™)

k() — k/o = ’ (24)
2Minv(K fo)
k— kK = A2 (Mﬁw(K_fO)’m%( ) M12nv(77+77 ))
2Miny (K~ fo)
(25)

The K*K~ — 7tz and KTK~ — 7% scattering has
been studied in detail in Refs. [44,45] within the chiral uni-
tary approach, where altogether six channels were taken into
account, including 7+ 070, K+*K—, K°K°, nn, and
79%. In the present study we use this as input, and we shall see
simultaneously both the f(980) (with I = 0) and a((980)
(with I = 1) productions.

Now we can write down the double differential mass dis-
tribution for the J/¢ — KTK~ f5(980) - KTK ntn—
reaction, as a function of My, (K~ fo) and My (7r 7 ~) [26]:

A>Ty s K+ K f(980)— K+ K—r+7-
dMinv(K_fO)dMinv(n+77_)

1 1 " ~// ~/ 12
t 26
= st PR B S IR, (26)
Wherep is the momentum of the K * in the J /1 rest frame,

Pr- = k is the momentum of the K~

rest frame, and ]77/Z’+
rest frame:

in the K~ f(980)
is the momentum of the 7+ inthe 7 T~

W2 (M3, m ME(K f0))

"o
P+ = 2Myy )
1/2 2 — 2 2
~//7 — k/ — )\' / (MIIIV(K fO)’ mK k] MIIIV(T[ ))
K 2]Winv(K_fO) '
o, = P Wiy ) @)
™ 2Miny (T ™) )

Recalling Egs. (9) and (23), we obtain the double differ-
ential branching ratio of the J/¥ — KTK~ f,(980) —
K+YK~mtm~ reaction to be

@ Springer

1 Ty kK- fp(980)— K+ K-+
Tyry dMiny(K~ fo)d Miny (™)
A2 1 1 lp,, 5135,
T Ty Q) amz,, 30KTPKS

I

VA < SR Ly ALY (28)

With trivial changes, replacing 7tz ~ by 7%, we get the
corresponding expressions for 77 production.

One should note that a different picture of these reso-
nances, like compact gq or tetraquarks, which happened to
provide the same couplings to K K, 7m, 7 n, would produce
the same results that we have reported here. The difference of
the two pictures stems from the fact that for the dynamically
generated resonances that come from the interaction of the
KK and coupled channels, it is the interaction of the K K
primarily produced that produces the fy and ag in the final
state. A compact quark state, O, necessarily has overlap with
J/¥ and KK~ inadirect J /¥ — KK~ Q reaction. The
J/¥ — KTK™ fy(ap) production contains then two mech-
anisms, the direct one, that one can envisage important for a
compact object, and the triangle mechanism. For a dynami-
cally generated resonance the triangle mechanism is the only
production mode. Hence, there would be different predic-
tions for the production rate of fy(ag) in these pictures, but
lacking the predictions from the compact picture, one cannot
go any further. There are not many of such reactions where
evaluations are done with both pictures, but some exist, like
the By — J /¥ fo reaction [48], where a compact picture
is proposed in Ref. [49] and a more detailed description of
the data in line with the molecular picture is done in Ref.
[44] (see also related method in Ref. [50]). Other cases are
discussed in Ref. [51].

Ultimately, it is the consistent and systematic description
of experimental facts what gives weight to a particular pic-
ture, and the molecular picture has passed a great deal of
these tests [51,52]. The agreement with experiment of the
present study should be considered within this perspective.
In any case the main aim of the present work is to point out the
presence of the TS in this reaction, with the double purpose
of finding experimental cases, where TS are manifested, and
anticipating a warning for not confusing the peaks predicted,
when observed, with new resonances.

3 Results

Firstly, we show our results for the J/¥ — K™K~ foy
(980)(ap(980)) decays, which were previously studied in
Sect. 2.2. Let us begin by showing in Fig. 4 the contribution
of the triangle loop defined in Eq. (17). The TS condition
of Eq. (1) requires all K+ K~ ¢ intermediate particles to be
on shell. This forces m f(4,) > mg+ + mg-. On the other
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— |l

L)

4

tr x 1077 [MeV~2]
(3]
i8]

tr x 1077 [MeV~2]
(8]

— |l — ol

(3]
tr x 1077 [MeV~2]
[\S]

" " " " " -1 " "
1500 1510 1520 1530 1540 1550 1500 1510

Min(K™ fo) [MeV]

152

Mino(K™ /o) [MeV]

(b)

" " -1 " " " " " 1
0 1530 1540 1550 1500 1510 1520 1530 1540 1550

Miny(K™ /o) [MeV]

tr x 1077 [MeV~?]
tr x 1077 [MeV~2]

tr x 1077 [MeV~2]

N N N N N -1 N N
1500 1510 1520 1530 1540 1550 1500 1510

My (K™ fp) [MeV]
(d)

Fig. 4 Triangle amplitude 77, defined in Eq. (17), as a function of
Miny (K~ fo/K ~ap) for a M fy(ap) = 989 MeV, b M fy(ap) = 988 MeV,
C M fy(ag) = 987 MeV, d m fo(ap) = 985 MeV, e m foy(ap) = 983 MeV,

hand, if we go to energies a bit bigger than that, Eq. (1) is
no longer fulfilled. There is hence a very narrow window
of fo(ap) masses where the TS condition is exactly fulfilled,
i.e., from 987 to 993 MeV. In view of this we plot in Fig. 4 the
real, imaginary parts and modulus of 7 of Eq. (17) for differ-
ent masses of fy(ap). The magnitude depends on the fo(ap)
mass, independent on whether we have fy or ag, since the
different couplings to K™ K ~ have been factorized out of the
integral of t7. We show the results for six different masses.
The first two are inside the window of energies where the TS
appears, the other four are outside. We observe a neat peak in
the first two cases, which gets broader gradually as we depart
from the TS window. Note that the peak of the imaginary part
is related to the triangle singularity, while the one of the real
part is related to the K ~¢ threshold, as discussed in Refs.

[38,39].
dr 4 -7
_1 " Iy KTK™ fylag) ; :
Then we show T7y aMm (K Jo/K—a0)” the differential

branching ratio of the J/¢¥ — KTK™ f5(980)(ao(980))
decays defined in Eq. (21), as a function of Mjyy
(K™ fo/K " ap) in Fig. 5. We plot the results for three selected
masses of fo(ap), 989 MeV, 987 MeV, and 981 MeV. The
results for fj or ap production differ only in a factor because
of the different couplings g s, x+x - Or g4y, x+ k- We Observe
a peak in M around M (K~ fo/K ~ap) =
dMiny (K~ fo/K~ao) my
1515 MeV. The peak is clear for the first mass of 989 MeV,
but gradually the upper part of the spectrum falls down more

152

Miny(K™ fo) [MeV]

(e)

N N 1 N N N N N 1
0 1530 1540 1550 1500 1510 1520 1530 1540 1550

Mo (K fy) [MeV]
(f)

and f m fy(qy) = 981 MeV. |tr|, Re(tr), and Im(#7) are plotted using
the black, red, and green curves, respectively

slowly. This is due to the factor ﬁ]’g_ in Eq. (21), which raises

fast as Miny (K™ fo/K ~ap) increases. If we remove this fac-

dFj + -
. /Yy —>KT K™ folap)
tor the peaks are sharper. Next we integrate -+—————--"0=2 Mo (K= fo/K —a0)

over Min (K™ fo/K " ag) from Min (K™ fo/ K™ ao)min =

My~ ~+ M fyap) 10 Miny(K™ fo/K ™ a0)max = myy — mg+
to obtain

m g, (MeV) Br(J/¥ — KTK™ f5(980))
989 1.56 x 1072
987 1.66 x 1072
981 1.37 x 1073 (29)
989 3.55 x 1073
987 3.79 x 107
981 3.12 x 1072

We can see that the results for the integrated branching ratios
depend on the mass assumed for the fj(ap) resonance. For
the same mass, the fp or ag production rates differ by the
ratio of the square of their couplings to K+ K .

In view of the changing shape and strength of the results
on the mass assumed for the fy(ap) resonance, we apply
next the method discussed in Sect. 2.3, taking into account
the mass distribution of the fy(980) and ag(980) reflected
by the 7x+x— z+7- and tg+g- o, amplitudes. In Fig. 6 we
plot |#7.], the triangle loop defined in Eq. (23) for the J /4 —
KTK~ f0(980) — KVYK m¥m~ reaction, as a function

@ Springer



411 Page 8of 11 Eur. Phys. J. C (2019) 79:411
— 5 5 5 5 5 5
L L L
s 4 14 S 4 S 4 4
* 2 i
2 3 3 2 3t 2 3 3

S 2 2 = 2 2 2 2
| | e
S| S Sz
=1 1 s 1t s 1t 11
= ~ =
—1e g ‘ ‘ ‘ ‘ ‘ 0 —1= ‘ ‘ ‘ ‘ ‘ 0 ~1= g : ‘ ‘ ‘ ‘ 0
1490 1500 1510 1520 1530 1540 1550 1490 1500 1510 1520 1530 1540 1550 1490 1500 1510 1520 1530 1540 1550
M(K™ fo) [MeV] M(K™ fo) [MeV] M(K™ fo) [MeV]
(a) (b) (c)
— 10 — 10 — 10 10
I
e z z
S 8 S 38 s 3 8
* i *
= 6 = 6 2 6 6
s s 5
Coo4t Cooab Cooaf 4
) =% =%
= z = z ~ z
= 2 5 2 3 2 2
= N =
— | = 0 s s N N N 0 —] = 0 N N N N N 0 — ] = 0 L N N N N 0
1490 1500 1510 1520 1530 1540 1550 1490 1500 1510 1520 1530 1540 1550 1490 1500 1510 1520 1530 1540 1550
M(K"ap) [MeV] M(K"ay) [MeV] M(K " ap) [MeV]
(Y] (e) ®
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. : : : : 1 JY—=>KT K™ fylag)
Fig. 5 The differential branching ratio T3y dMm Ko K,ao),deﬁned

in Eq. (21), as a function of Miny (K~ fo/K ™ ao), foram g = 989 MeV,
b myg = 987 MeV, e my, = 981 MeV, d my, = 989 MeV, e m,, =

4 4
-=== My, =1496
= 5l — M, =1516 |
5 — = Mipy=1536
]
2
& 12
2
X
= 11
0 . . 0
900 950 1000 1050

Mig (7 77) [MeV]

Fig. 6 The triangle loop [t;| for the J/¢ — K+TK~ £o(980) —
KTK~mtm~ reaction, defined in Eq. (23), as a function of
My (m ™). The red, black, and blue curves are obtained by setting
Miny (K™ fo) = 1496 MeV, 1516 MeV, and 1536 MeV, respectively.
The triangle loop |¢| for the J/¢ — K+ K~ao(980) — K+ K~y
reaction is the same as the this one. Curves are stopped at the end of
phase space for the production of m g and Miy, (7w ¥ ~) with the invari-
ant mass Miny (K~ fo), where ¢’ of Eq. (23) vanishes

of My (T 77) by fixing Min (K~ fo) = 1496 MeV, 1516
MeV, and 1536 MeV. The distribution gets its largest strength
when Miny (K~ fo) is near 1516 MeV. The triangle loop |¢7.|
for the J/ — KK~ ap(980) — K+K~ 7% reaction
is the same as this one. The |¢}| function is stopped at the
Miny (T ~) which makes &’ of Eq. (25) zero. Note that ¢/
of Eq. (23), proportional to k', vanishes in this point, where
one has the frontier of the phase space.

@ Springer

987 MeV, and f m,, = 981 MeV. Note that Eq. (21) is for fo produc-
tion, and for ag production one multiplies it by (g4, k+ k- /8 fo, K+ K~ )?

2
We also show L I oKkt
left panel of Fig. 7, that is the double differential branch-
ing ratio of the J/¥ — KVTK™ fp(980) — KTK ntm~
reaction defined in Eq. (28). We show this as a func-
tion of M, (m ™) by fixing Miny (K™ fo) = 1496 MeV,
1516 MeV, and 1536 MeV. A strong peak can be found
when My, (77 7) is around 980 MeV, corresponding to
the f(980). Consequently, most of the contribution comes
from M, (m T ™) € [900, 1050] MeV, and we can restrict

the integral in Mj,, (w77 ™) to this region when calculat-

dr +K— +K—ngta—
. e 1 J/Y—Kt K= f(980)>K+TK—xtx
ing the m istribution ——
g the mass distributio I AV (K~ o)

Unlike in Fig. 6, the strength for Mj,, (K~ fo) = 1536 MeV
is a bit bigger than that for 1516 MeV. This is because
of the factor ([71/(’,)3 in Eq. (28). Similarly, we show
#dzrj/wﬁK*K’aO(QSO)HKJfK’nOn
FJ/W dMinv(Kfa(J)dMinv(ﬂon)
Again, we can restrict Mjpy (71077) to the region Mjpy (71077) €
[900, 1050] MeV, and perform the integration

in the

in the right panel of Fig. 7.

1 dlyyk+K- fy980)—>K+K—n+7-
Ly dMiny (K~ fo)

1 1050 MeV
- f A Miny (707
Ly rp Jooo Mev

A>Ty K+ K~ f(980)— K+K—n+7—

dMiny (K~ fo)dMiny(rt=) G0
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€1y

The (single) differential branching ratios obtained are shown
in Fig. 8. We see a clear structure around 1515 MeV coming
from the peak of the triangle loop #/., but we also observe
strong contribution from the larger K~ fy/K ~ap invariant
masses produced by the ([71’(/,)3 factor of Eq. (28). Finally,
we integrate from Miny (K™ fo/K ™ ao)min = mg— ~+ M fy(ap)
t0 Miny (K™ fo/ K™ ao)max = mjy — mg+ to obtain

Br(J/y — KYK~ £5(980) > KtTK " ntn™) =7.6 x 107°,
Br(J/y — KtK"ap(980) > KtK 7)) = 5.2 x 107°.
(32)

= 1.5 1.5
>
)
>
= 1.0f 11.0
5
|
C|% 05} 10.5
| o=
]
=
=
— =

0 ‘ ‘ ‘ ‘ ‘ ‘ 0
1480 1490 1500 1510 1520 1530 1540 1550
M(K~ao) [MeV]

(b)

, defined in Eq. (30), as a function of Mj,, (K~ fo). b the differential

dr _ _
1 KA K ag KT K70 , defined in Eq. (31), as a function of Miny (K ~agp)

These rates should be multiplied by two to account for
the mechanisms of Fig. 3b, d, if one looks for J/¥ —
KT K~ £5(980)(an(980)) independently of which of the K ’s
is the fast one.

As we can see, the explicit consideration of the
Ik+K- n+nx—- and fg+g— 7o, changes the final shape of the
differential width and integrated branching ratio. We should
note that in the case of the fy production the method of
Sect. 2.2 accounts for all the decay modes of the fy, 77w~
and 7%7°, the latter with a strength 1/2 compared to the
one of 7 ~. To compare the result of Eq. (32) with those
of Eq. (29) we must multiply the result of Eq. (32) by 3/2
and then the results are more similar. The discrepancies are
bigger in the case of the ag production. This should not be
a surprise since the a(980) is a border line state between a
bound K K state and a threshold cusp, as a consequence of
which the coupling of ag to K+ K~ has large uncertainties,
in which case, the method used in Sect. 2.3 is more reliable.
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4 Conclusion

We have studied the J/¢¥ — KTK™ £,(980)(ag(980))
decays and have seen that they are driven by a triangle sin-
gularity, peaking at Min (K~ fo/K "ag) =~ 1515 MeV. The
process proceeds as follows: In a first step the J /¢ decays
to KT K~¢. The K+ and K~ momenta are very distinct in
the process and we select for our study the mode with K
with large momentum and K~ with small momentum. The
opposite case provides the same contribution. In a second
step the ¢ decays into K™K~ and the primary K ~ together
with the Kt from the ¢ decay merge to give the f;(980)
or ap(980) resonance. The mechanism implicitly assumes
that the f,(980) and ap(980) resonances are not produced
directly but are a consequence of the final state interaction
of the KK ~. This is the basic finding of the chiral unitary
approach where these two resonances are the consequence of
the pseudoscalar-pseudoscalar interaction in coupled chan-
nels and not ¢g objects.

Using as input empirical information from the J/¢» —
KTK~¢ decay, we are able to determine the double dif-
ferential decay width in terms of the K~ fo/K ~ap invari-
ant mass and the 7tz /7% from the decay of the
Jf0(980)/ap(980), respectively. We find very distinct shapes
of the double differential distributions, and the single one,
dI'/dMinw (K™ fo/K " ap), with a sharp raise of this magni-
tude around Min (K~ fo/K ~ap) =~ 1515 MeV, where the
triangle singularity appears. All these features are tied to the
nature of the f((980) and a((980) resonances as dynamically
generated from the interaction of pseudoscalar mesons, and
its experimental observation should bring valuable informa-
tion on the important issue of the nature of the low-lying
scalar mesons. We find the branching ratios of the order of
10~5, which are accessible in present facilities, where many
J /¥ branching ratios of the order of 107°— ~ 1077 have
already been measured.
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