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Revising the f(1420) resonance
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We have studied the production and decay of the f,(1285) into 7a,(980) and K*K as a function of the
mass of the resonance and find a shoulder around 1400 MeV, tied to a triangle singularity, for the za(980)
mode, and a peak around 1420 MeV with about 60 MeV width for the K * K mode. Both of these features
agree with the experimental information on which the f;(1420) resonance is based. In addition, we find
that if the f,(1420) is a genuine resonance, coupling mostly to K*K as seen experimentally, one finds
unavoidably about a 20% fraction for zaq(980) decay of this resonance, in drastic contradiction with all
experiments. Altogether, we conclude that the f(1420) is not a genuine resonance, but the manifestation

of the 7ay(980) and K*K decay modes of the f;(1285) at higher energies than the nominal one.
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I. INTRODUCTION

The f;(1420) resonance is catalogued in the particle
data book [1] as an [9(JP€) =07 (17") state and has
been observed in over 20 experiments. Its mass is M =
1426.4 £ 0.9 MeV and its width I' = 54.9 £ 2.6 MeV. Its
dominant decay mode is KK*. In Ref. [2] 100% of the
width is associated with the KK* + c.c. mode. In Ref. [3]
other modes are also searched for, with negative results,
concluding again that the KK* + c.c. channel exhausts the
decay width. In Ref. [4] the authors also conclude that
the f(1420) decays into KK* + c.c. 100%. In Ref. [5]
the decay mode 7ay(980) is reported with I'(zay(980))/
[(KK* 4 c.c.) = 0.04 4 0.01 + 0.01. In this latter paper a
clean peak is seen for the f(1285) in the 7ay(980) mode,
followed by a broader structure around 1400 MeV with
much smaller strength, that is tentatively associated with
the f(1420), with the comment “The shoulder at 1.4 GeV
can be interpreted as an a((980)z decay mode of the
f1(1420)” with no devoted work to support this assertion.
A discussion on mesons in the 1400 MeV region can be
seen in the PDG review [6].

In the present work we shall provide a different explan-
ation of the experimental findings, showing that the K*K
peak associated with the f(1420) is the manifestation of
the KK* + c.c. decay mode of the f(1285). On the other
hand, the broad peak for zay(980) decay in the region of
1400 MeV will be explained as a consequence of a triangle
singularity, due to f,(1285) - K*K,K* — nK,KK —
ay(980). The K*K decay mode of the f,(1285) appears
as “not seen” in the PDG [1]. Indeed the f,(1285) is
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100 MeV below the K*K threshold. However, the KKz
mode is reported with a branching fraction of 9%. These
features found an adequate answer in several works [7,8],
where the f(1285) was considered as a dynamically
generated resonance. This state and all the low-lying axial
vector resonances were obtained in Refs. [9,10] as dynami-
cally generated states from the interaction of pseudoscalar
mesons with vector mesons, using a coupled channels
unitary scheme with chiral dynamics for the meson inter-
action [11]. In the particular case of the f;(1285), the
KK* + c.c. is the single channel in the coupled channel
approach [10]. The work in Refs. [9,10], using the lowest
order chiral Lagrangian, has been extended in Ref. [12]
including higher order terms, but in the case of the f(1285)
the higher order terms were found essentially negligible.

In this picture for the f,(1285), a good description of
7ay(980) and the isospin forbidden 7z f;(980) decay modes
were well reproduced [7]. Actually the 7zf((980) decay
mode was first predicted in Ref. [7] and corroborated later
experimentally by a BESIII experiment [13]. Similarly, in
Ref. [8] the KK7 decay mode was studied and also found
consistent with experiment [5,14]. In the present work, we
shall see that, as a consequence of the K*K nature of the
f1(1285), if we excite that state and go to higher energies
where the K*K can be produced, the tail of the f,(1285)
propagator, together with the phase space for K*K pro-
duction, produce a peak around 1420 MeV with a width
of about 60 MeV, that explains the experimental features
observed for the f;(1420) resonance.

One may wonder how much our results are tied to the
assumed nature of the f;(1285) as a dynamically generated
resonance. Before we discuss this issue further, let us
clarify that for the sake of the present work it is not
necessary to assume that this is the nature of the f(1285).
We only need that it couples to KK* + c.c. whatever its
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origin. The fact that with the strength of the coupling to this
channel provided by the approach of Ref. [10] one obtains a
good reproduction of the important partial decay width to
7ay(980) [7] and the KKz decay mode [8], indicates that
the coupling of the f;(1285) to KK* + c.c. used here is
realistic. In any case, it is interesting to discuss the issue
to the light of what a quark structure provides for the
axial vector states. The detailed work on relativistic quark
models of Ref. [15] indicates that masses of the right order
of magnitude can be obtained for the axial vector meson
states within the scheme of Ref. [15], which is very
successful to describe the bulk of the meson properties.

Yet, most of the axial vector mesons have large decay
widths and couple to pseudoscalar-vector components.
Some, as the f(1285) have a relatively small width, but
can equally couple to pseudoscalar-vector bound compo-
nents, like KK*. The need to consider these meson-meson
components for the structure of some mesons became
apparent and studies were done in Refs. [16—19] starting
with a seed of ¢g and unitarizing the model with the meson-
meson components. For the case of the low lying scalar
mesons the result is that, as a consequence of the unitar-
ization, the original gg seed is dressed with meson-meson
components to the point that the latter become the most
important ingredient in low energy reactions. Even in the
work of Ref. [15] the f,(980) was hinted as a KK bound
state, which was more substantiated in Ref. [20], and more
recently by the framework of the chiral unitary approach
[21-24]. This latter approach is the one used to describe
also the low lying axial vectors, with energies below
1.4 GeV, as being largely made of pseudoscalar-vector
components in Refs. [9,10] and much present phenom-
enology supports this picture as discussed above. From this
perspective, it is then not surprising that other works
concentrate on the nature of these states as tetraquarks
[25,26]. In the real world a mixture of gg and molecular
components (or tetraquarks, for this purpose) would appear
[27], but the molecular components are very important and
play a dominant role in low energy reactions as phenom-
enology is telling us (see Refs. [28-31] in addition to the
works cited above).

On the other hand, the triangle diagram with K*KK
intermediate states, with z and f(980) or a,(980) external
products, develops a singularity at 1420 MeV, which is seen
as a peak for 7f((980) or 7ay(980) production. This was
already suggested in Ref. [32] and shown explicitly in
Refs. [33,34], and provided a natural explanation of the
COMPASS observation [35] of a peak in the 7zf;(980)
mode around 1420 MeV, which was interpreted as a new
resonance, the “a;(1420)” in Ref. [35]. In Refs. [33,34]
the peak was interpreted as a consequence of a triangle
singularity associated with the decay mode of the a;(1260)
into K*K, followed by K* — Kz and fusion of the KK to
give the f((980). The mechanism to produce the za(980)
from the decay of the f(1285) is identical to the one used

PHYSICAL REVIEW D 95, 034015 (2017)

1
a+/

2
R < 3
FIG. 1. Diagrammatic representation of the process producing
the resonance, observed in the decay channel 2 + 3.

O

in Ref. [34] to produce the 7f,(980) from the decay of
the a,(1260). Only the isospin combinations are different,
but the singularity is tied to the masses of the particles
and is independent of the internal degrees of freedom like
the isospin. We shall see that, also in this case, a peak is
produced around 1420 MeV in the 7ay(980) decay mode of
the f(1285) which explains the features of the experiment
of Ref. [5]. The conclusion of all these observations is that
the f(1420) is not a genuine resonance, but the manifes-
tation of the K*K and 7a(980) decay modes of the
f1(1285) resonance. This would go in line with the
conclusions of Refs. [33,34] that the “a,(1420)” is not a
genuine resonance, but the manifestation of the 7zf;(980)
decay mode of the a,(1260) resonance.

II. FORMALISM

The resonance f(1420) is observed in very high energy
collisions, which we depict in Fig. 1, and the resonance is
observed in the invariant mass of particles 2 and 3.

In the Mandl and Shaw normalization of fermion fields
[36] we have for this process with three particles in the
final state

d?s 1

1 =
didMy; ~ 32p3s [1Gm) (27)? DI

where m refers to the masses of the fermions, and the sum
and average of |T|? is done over the polarizations of all
particles involved. In Eq. (1) p, is the momentum of
particle 2 in the rest frame of the 2 4 3 system,

(M)

_ AV(M3, m3, m3)
- 2M s

P ; (2)
and M3 is the invariant mass of the 2+ 3 system. Fixing the
Mandelstam variables s and t, s=(p,+p;)?, t=(pa—p1)*
the T matrix in Eq. (1) will be of the type (M,,, = M»3):

1
M2% — M% + iM,T
i R RY R

mv

T=C

9R 23> (3)

where we have put a coupling g »3 for the resonance R to
the 2 4+ 3 system. The width for the resonance going to
2 4 3 is given in this case by
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g3 :iLf?zgzz ) (4)
: 87 M? k23

mnv
which allows one to write Eq. (1) as

e TI2mg) 1,
dedMy,,  32p2s (2z)°  |M?

mnv

SHMiZHVFR.Zf%
— M2 + iM gy

(5)

This equation is also good when we sum and average
over polarizations of the particles in a more general case
of |T|?. The sum over polarizations of 2 and 3 will go into
I'g 23 and the sum and average over polarizations of the
other particles can be absorbed in the constant C (for fixed s
and 7). Equation (5) can also be used for any decay channel
of the resonance, substituting I'; 53 by I'; of the particular
decay channel. Since Y T'; = Ik, the total width of the
resonance, the sum of Eq. (5) over all decay channels, can
be cast in terms of Im[1/(M?, — M% + iMgI'g)], which is
a variant of the optical theorem.

III. THE K*K CHANNEL

Let us look at the process depicted in Fig. 1 with 2, 3
being K*K. We shall investigate what happens when the
resonance R is the f(1285). We can use directly Eq. (5)
replacing the coupling gz»; in Eq. (4) by the f;, K*K
coupling

9r23 — gfl,K*kEf. “Eges (6)

and summing and averaging over polarizations, and we
use gr, gk = 7555 MeV, from Ref. [10], ignoring for the
moment the isospin and C-parity structure. The I'; g
width is then given by

11 -
Uy k= g%gfl’K*kaa(Minv —mg —mg). (7)

The K*K production will begin at a threshold of
1383 MeV, 100 MeV above the nominal mass of the
f1(1285). The results of Eq. (5) are depicted in Fig. 2,
where in addition we plot also the result using in the
numerator the nominal width of the f,(1285),
[y, =24.1 MeV, which will account for the decays of
the f,(1285) into other channels. In the denominator of
Eq. (5) we use

FR = Ff] + Ff[K*I_( (8)

We observe in Fig. 2 the typical threshold production of a
channel. However, since the production is driven by the
excitation of the f(1285), one has two factors competing,
a decreasing strength of the resonance as the energy

increases, and an increasing phase space for the K*K
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FIG. 2. Production of K*K induced by the excitation of
the f,(1285) resonance. Dashed line: production of f,(1285)
through the decay of f,(1285) into K*K. Solid line: through the
decay of the f,(1285) into other channels.

production, and the product of these two factors confers the
cross section a particular shape. Yet, we want to be more
accurate here by taking into account that the K* will decay
into Kz and the experimentalist will observe KzK at the
end. This will also allow us to go below the threshold of
K*K production.

To account for the decay, we look into the diagram
of Fig. 3.

The decay width of the f(1285) for Fig. 3 is given by

dar KnK
Fpr*k—»Kﬂi( E/ dﬁ)]’l dminv’ (9)
inv

where m;,, stands for the Kz invariant mass, and

dl'y kzk 11 - =
G = g, PRPr_ 2 (10

mv

where pg is the K momentum in the f(1285) rest frame
and p, the £ momentum in the Kz rest frame, and ¢
contains now the K* propagator, the f;(1285) —» K*K and
K* —» Kn couplings. There is no need to evaluate ¢
explicitly since we can use the same step that led us from
Eq. (1) to Eq. (5) and we can write

K

K*
£1(1285) w
-

K

FIG. 3. Decay diagram for f,(1285) — K*K considering the
K7z decay channel of the K*.
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deI,KﬂI_( o 1 1 2 ~
()7 am2, 1k KPK

dmin\’ inv
% Sﬂmiznvrl(*(minv) (11)
|mi2nv - m%{* + imK*FK* (minv)|2 ,
where
m%. pg
l—‘I(* (minv) = TK ~ . l—‘K* on’ (12)
inv pﬂ'|01’1

where 'y |, = 49.1 MeV is the nominal width for the K*,

and p,, P.l|o, the pion momenta in the K* rest frame with
K* mass my,, or mg- respectively,
M2 (m2, m%, m2)

Pr = : 13
Px o (13)

In Eq. (12) we have taken into account that the K* — Kz
proceeds in P-wave.

In Fig. 4 we plot the results for Eq. (5) with T'g 3
replaced by Eqs. (9) and (11), and also when I'g 3 is
replaced by I'y,. Figure 4 is very intuitive; we see a double
peak structure. The first peak accounts for the standard
£1(1285) decay into KzK observed with the shape of the
f1(1285). The ratio of strengths at the peak of the dashed
and solid lines provides the branching ratio of the f (1285)
into KzK channel. As we see, it is of the order of 8%, the
same value obtained in Ref. [8] with a more elaborate
model that we shall discuss below, and in agreement with
experiment [1].

Yet, what concerns us here is that the same mechanism
produces a second peak around 1420 MeV as a conse-
quence of the influence of the tail of the f,(1285)
resonance and the increasing phase space for K*K pro-
duction. In Fig. 5 we can see in more detail the two peaks
corresponding to KzK production. By assuming a smooth

1
0.9 r
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0.7 |
0.6 |
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other channels’
KnK - 1
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FIG. 4. Production of KzK coming from K*K decay of the
f1(1285) considering the decay of K* into Kz. The dashed line
accounts for KzK production and the solid line accounts for the
decay of the f,(1285) into other channels.
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FIG. 5. The KzK production cross section from Eg. (5)
showing detail of the dashed line in Fig. 4.

background below the second peak, as an experimental
analysis would do, we induce that there is a resonantlike
structure peaking around 1420 MeV with a width of about
60 MeV, the features observed in experiment when talking
about the f,(1420) resonance. Yet, we did not have to
invoke a new resonance for this structure, which appears
naturally and unavoidably from the decay of f(1285) into
K*K — KzK. This also explains why the f,(1420) reso-
nance is seen in the K*K (or KzK) channel alone. In the
next section we address the production of the zay(980)
channel.

IV. THE 7ay(980) DECAY MODE OF THE f,(1285)

This problem was also addressed in Ref. [7] but at
the peak of the f1(1285). Now we extend it to higher
energies according to Eq. (5), but replacing the width I'g 53
by 't (1285).7as(980)- Following Ref. [7] and sticking to the
simplified K*K decay of the former section, we have to
look at the diagram of Fig. 6, where we consider the
ay(980) decay into the 7% channel.

The amplitude for the diagram of Fig. 6 for the f(1285)

at rest (i’ = 0) is given by

Ly and = gfl,K*I_(gK*,KﬂtTlKI_{—mon(ﬂ’linv)v (14)

FIG. 6. Triangle diagram leading to the production of
71a,(980), the latter is observed in z%. In brackets the momenta
of the particles.
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with 7, the 7% invariant mass, and where #; stands for
the triangle loop integral with three propagators,

[ d'q o o -
tT—l/Wefl '€K*€K*‘(2k+q)

q* — m% + ie

X
(P—q)* —m%. + imgTg-
1
X b
(P—q—k)>—m% +ic
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and fgg_, 0, i evaluated using the chiral unitary approach
of Ref. [21], with the input used in the study of weak
decays of B and D mesons in Refs. [37,38].

The integral of ¢° in Eq. (15) can be done analytically
and it is done in Ref. [7] with the result

1
tr = iréy, - k, (16)
(15)
and
|
3 k-g 1 1 1
tT_/( ( S >8w (@) (q)w* (q) K — &' (q) — " (q) + ie P* — 0*(q) — w(q) + ie
2P°w(q) + 2k° (q) = 2(w(q) + @' (q)) (w(q) + @' (9) + @ (q)) (17)
)

(P’ —w(q) —(q) -

with w(q) = /¢ +mx, o/ (q) =1/ (G+k)*+mk. 0" (q) =
V@ +m%., or /G +mk. — il /2 if the K* width is
considered as in Eq. (15).

dr
fi.om
Ffl.,mron = / dn;:;\] nd Miny» (18)
with dI'; ;.0,/dr,, obtained using Eq. (10) with

Mipy —> ’hinv (of ﬂo’/l)’ Pk = Pz i’ﬂ - ﬁn and

SZVJ’IJMOWP

The value of gg- g, is taken such that

15
- gk |tT|291201’K*Kg%(*,Kﬂlth,ﬂOnlz‘ (19)

411

-
K= 38x

gives the width of the K*,
5.5 MeV).

We should note a small modification in the integral with
respect to Ref. [7]. In this latter work a cutoff 0(q . — q)
originated in the chiral unitary approach in the study of
the KK — zn amplitude was implemented, with ¢, =
600 MeV [37,38]. Since in those works the cutoff is
implemented in the center-of-mass (CM) frame, we make
a boost of g to the rest frame of the zn system and
implement the cutoff 8(gm.x — gom)- We show the results
obtained in Fig. 7.

As we can see in Fig. 7, there is a large strength in
the cross section built around 1400 MeV induced by the
f1(1285) excitation, which makes it very distinct from
the usual shape of the Breit-Wigner distribution for the
f1(1285). Tt is interesting to see that this cross section is

FK* :491 MeV (gK*,Kﬂ =

K0+ ie)(P° + w(q) + @' (q

— k% —ie)

l

remarkably similar to the one found in Ref. [5] (we shall
come back to it in the next section to do a comparison with
the data). In Ref. [5] no explanation was found for this extra
strength and it was suggested that it should be the za((980)
decay mode of the f(1420). What we see here is that the
peculiar shape of the cross section for this particular
channel is a consequence of the triangle diagram of Fig. 6,
the mechanism for zay(980) production from a resonance
[the £, (1285)] that is a bound state of K*K, or that couples
strongly to K*K for the purpose [the f,(1285)]. The
unexpected large strength around 1400 MeV comes from

0.08

0.07

0.06 |
0.05 |
0.04
0.03

do/dtdM,, [a.u.]

0.02 |

0.01 |

0 ‘ ‘
1200 1250 1300 1350 1400 1450 1500
My [MeV]

FIG. 7. Differential cross section for zay(980) — =z’ pro-
duction induced by f;(1285) excitation. Solid line: considering
the triangle diagram of Fig. 6. Dashed line: using Eq. (5) with
I'r =T (1285) = 24.1 MeV, I' 53 a constant and normalizing the
curves to the peak of the f(1285) [this reflects the shape of the
modulus square of the f(1285) propagator]. The dotted curve is
what we would expect for zay(980) — zz% production from
f1(1420) excitation assuming that the production rate of the
f1(1285) and f,(1420) are the same.
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a singularity in the triangle diagram as we discuss in the
next section. From that we can conclude that the strength
found in this channel around 1400 MeV is not tied to the
f1(1420) resonance but to the f;(1285).

There is one more argument that we can bring in favor of
the former interpretation. Indeed, let us assume that the
£1(1420) is a genuine resonance. If it decays into K*K and
this channel exhausts the width as found experimentally, we
can get the coupling gy, (1420 x*k by means of Eq. (4) and
we find

gf](1420),K*1_( — 4256 MeV (21)

With this coupling we can reevaluate the triangle diagram
of Fig. 6, simply by replacing the coupling gy, (1285) k&
with the new one. Then we would use Eq. (5) to get
the cross section for f(1420) — 7ay(980), replacing the
f1(1285) propagator by the one of the f(1420). The other
change might be the constant C, but this constant, appear-
ing in the a + b — 1 + R vertex (see Fig. 1), is related to
the resonance production (irrespective of the decay chan-
nels). Since one is dealing with high energies of the order of
hundreds of GeV in these reactions, and the masses of the
f1(1285) and f,(1420) are similar, on statistical grounds
we should expect similar production rates for both reso-
nances, and hence C should be similar in the two cases.
Assuming C is the same for both resonances, what we see
in Fig. 7 is a shape for f1(1420) — 7ay(980) production
very different from the one coming from the f;(1285)
decay, which reflects a f,(1420) Breit-Wigner structure,
and most importantly, with a very large strength, which is
not seen in any experiment. Even this signal reduced by a
factor five should be clearly seen experimentally, and on
statistical grounds it is not easy to justify that the produc-
tion of the f(1420) should be reduced by a factor five with
respect to that of the f(1285).

There is yet another factor to note. When performing the
previous calculation that involves the f;(1420) propagator
we had to calculate the width of the f{(1420) into
7ag(980). We find that (see next section for a more detailed
evaluation)

BR(f, (1420) — 7ay(980))
BR(f,(1420) — K'K)

~0.17. (22)

This is a fraction that could not be missed and has not been
found in any experiment where this decay mode has been
searched for. Only in Ref. [5] a 5% ratio was invoked by
guessing that the shoulder seen in that decay mode around
1400 MeV was due to this resonance, but we have given a
different interpretation for this feature.

It is interesting to recall here that the triangle singularity
of Fig. 6 also shows up in the decay of the #(1405) —
7ay(980) which was studied in Refs. [39,40], together
with the isospin violating 17(1405) — zf(980) decay. This
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latter decay was abnormally enhanced due to the triangle
singularity. In a follow up of Ref. [39] in Ref. [41] the
idea is retaken and applied to study the BESIII decay of
J/w — yn(1405)(n(1475)) with 7(1405) - KKz, nrx
and 3z. In this work the possible contribution of the
f1(1420) in addition to the 5(1405) was discussed. The
f1(1420) was assumed to be a regular resonance and
the triangle singularity enhanced some decay modes, in
spite of which its contribution relative to that of the 7(1405)
was found small in the radiative J/y decay. Although we
find that the f,(1420) is not a genuine resonance, we have
seen that there is indeed strength in the KzK and za(980)
channels in the 1420 MeV region from the decay of the
f1(1285). A reanalysis of the BESIII experimental data
[42] from this new perspective would be most interesting.

It is interesting to evaluate uncertainties of the results
obtained. We have used a coupling of f,(1285) to K*K,
9r, k*k = 71555 MeV. In Ref. [10] the value is 7230 MeV,
but the binding appeared at 1288 MeV. Imposing the
binding at 1282 MeV, as in the PDG [1], leads to this
small change in the coupling. We can take this difference in
the couplings as a measure of uncertainties in this magni-
tude. This will affect the rate for K*K production (KzK in
our approach) of Fig. 5, related to the diagram of Fig. 3.
This means we have a 10% difference between the results
with these couplings, or the centroid +£5%. We should note
that this process is related to the tree-level amplitude of
Fig. 5 and, thus, it is not tied to the cutoff used, which
appears only in the loops.

Similarly, we can estimate the uncertainty in the ratio of
Eq. (22). Let us recall that here the coupling of f(1285) to
K*K does not enter, because we took the coupling of
£1(1420) to K*K from the width of that state, Eq. (21).
Hence, the uncertainties here come from the cutoff used in
the loop of Fig. 6, replacing the f(1285) by f(1420). The
cutoff affects both the loop function and the KK — 7%y
amplitude [via a((980)], since as argued before, one has
the same cutoff in the loop of Fig. 6 and in the loops of the
r-matrix that generates the a((980). In order to estimate the
uncertainties in the cutoff we have taken a recent experi-
ment where the rate of a((980) production is large and the
signal is very clean [43], and a theoretical calculation that
agrees well with the data is available [44,45]. We have
looked at the data in Fig. 6 of Ref. [44], which is calculated
with g« = 600, 580, and 630 MeV. We have redone the
calculations and found that by using 550 and 650 MeV,
the differences with experiment become already obvious.
Then, we redo our calculation of the loop of Fig. 6 and then
the ratio of Eq. (22) becomes (17.0 £ 1.5)%.

V. THE SINGULARITY OF THE
TRIANGLE DIAGRAM

The shoulder for the f(1285) decay to zz’y around
1400 MeV has its origin in the singularity that the triangle
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diagram of Fig. 6 develops at 1420 MeV. Triangular
singularities were studied by Landau in Ref. [46] and stem
from triangle diagrams when the intermediate particles are

all placed on shell and the momenta are parallel (—g and k
of Fig. 6 go in the same direction). There is also a further
constraint which is that the mechanism can lead to a
classical process with R— K*K; K*— Kr; KK — a,(980),
which is stated by the Coleman-Norton theorem [47].
A pedagogical and practically easy way to visualize it,
and see where the triangular singularity appears, is shown
in Ref. [48] [see Eq. (18) of that paper].

In the present case we can see the origin of the
singularities by looking at the expression of Eq. (17).
The two factors in the denominator that develop singular-
ities are

D, = P’ - 0*(q) — w(q) + ie (23)
and
D, =P -k —(q) —w(G+k) +ie. (24)

When they are zero with g and k in opposite directions,
one gets a pole when D; =0 at ¢, + ie and two poles
when D, =0, at g, +ie and g, —ie. Then, when
gon = 4, two poles appear in opposite sides of the real
axis at the same energy and the integral path cannot be
deformed to avoid the singularity, which thus shows up
in the result of the integral. If the width of the K* is
considered, then g, + i€ = g,, + i['x+/2 and the singu-
larity turns into a peak. If we apply ¢,, = ¢, (see explicit
formulas in Ref. [48]) we find the singularity when the
incoming energy in the triangle diagram is 1420 MeV. To
show it, we plot in Fig. 8 the result for |7;|*> of Eq. (17). In
Fig. 8 we see how an original singularity becomes a broad
peak when I'g. # 0. This softened singularity, together
with the propagator of the f;(1285), is what gives rise to
the broad shoulder of the f,(1285) — za,(980) in Fig. 7.

E)
k)
Wb
O L L L L L
1200 1250 1300 1350 1400 1450 1500
My [MeV]
FIG. 8. Results for the singular diagram, |77|?, of Eq. (17).
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VI. DETAILED EVALUATION WITH THE =0
AND C=+ PARITY OF THE f,(1285)

So far we did not pay attention to the isospin and
C-parity structure of the f;(1285) and f(1420), but the
shapes and relative weights of the cross sections are well
evaluated with the previous formalism. The wave function
for the f(1285) is given by

1 _ _
|f1(1285)) = -5 (K**K~ + K*9K° — K*~K* — K*°K")
(25)

and then everything is identical to what has been done so
far, except that one has four diagrams. The evaluation of the
widths for £ (1285) — 7a(980) and f,(1285) — zKK at
the peak of the f;(1285) are done in Refs. [7] and [8],
respectively. All that must be done is to perform the same
evaluation as a function of M,,, [for the f(1285) at higher
energies], and implement the f,(1285) propagator in
Eq. (5). The results are shown in Figs. 9, 10, and 11,

0.1
0.09 |
0.08
0.07 |
0.06
0.05 |
0.04 |
0.038 -
0.02 |
0.01

do/dtdM;, [a.u.]

0 L A -~
1200 1250 1300 1350 1400 1450 1500
My [MeV]

FIG.9. The differential cross section for the decay f(1285) —
7ag(980) with the full wave function of Eq. (25).

1.2 T T - -
other channels
KnK ===
1 L 4
S 08Ff 1
S,
z
< 06 1
e]
5
L 04t 1
0.2 | 1

0 e L — L
1200 1250 1300 1350 1400 1450 1500
Miny [MeV]

FIG. 10. The differential cross section for the decay
f1(1285) = KzK with the full wave function of Eq. (25).
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0.1

0.09
0.08
0.07
0.06
0.05
0.04 Py
0.03
0.02k f N -

0.01F "

do/dtdM,, [a.u.]

0 L L L L L
1200 1250 1300 1350 1400 1450 1500
M, [MeV]

FIG. 11. Same as Fig. 5 with the complete wave function
of Eq. (25).

which should be compared with Figs. 4, 7, and 5,
respectively. As we can see, not only the shapes but the
absolute numbers are about the same as with the simplified
wave function. Moreover, in Fig. 10 a peak develops for the
f1(1285) — 7KK decay around 1400 MeV (see Fig. 11 for
more details). The peak and width of the distribution
around this energy are in fair agreement with the mass
of 1420 MeV and width of about 55 MeV quoted in the
PDG [1].

We have taken advantage of this to make a more refined
evaluation. Indeed, in Eq. (5) we have T'yx =T, (1285) In
the denominator. Since we are evaluating the partial decay
width into KzK and 7ay(980) we write

Tr =T, (1285) = Uy, (1285)= knk lon = T'f,(1285) =75 (980) lon
+ Ffl(1285)—>1(7zl_( (Minv) + Ff] (1285)—7a((980) (Minv)’
(26)

M,,, = 1285 MeV,
we obtain are

which guarantees that on shell,
I'r =24.1 MeV. The values that

14000

12000
10000
8000 r
6000 r
4000 r

do/dtdM,, [a.u.]

2000 r

0 E

-2000 I I I I I
1200 1250 1300 1350 1400 1450 1500

My [MeV]

FIG. 12. Comparison of the results of Fig. 9, convoluted with a
resolution of 20 MeV, with the experimental results of [5].
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Ty (1285)= k& lon/ T £1(1285) =0.095 and Tt (1285) -z, (980) lon/
Ffl(1285) — 0275

We also make a more detailed comparison with the
results of Ref. [5]. In Fig. 12 we show our results folded
with a resolution of 20 MeV to facilitate comparison
with the experimental numbers. We normalize the results
approximately to the peak of the experimental distribution.
We can see that the agreement with experiment is fair.

VII. CONCLUSIONS

We have carried out a study of the production of the
£1(1285) and decay into 7a(980) and K*K modes. We
have studied the cross sections as functions of the f(1285)
mass, M;,,, up to 1500 MeV and we have observed two
relevant features:

(1) The K*K mode (allowing the K* — Kr decay) has
two peaks as a function of M;,,—one at the f(1285)
mass and the other one at about 1420 MeV, this
latter one with a width of about 60 MeV.

(2) The 7ay(980) mode has a peak at 1285 MeV and a
broad shoulder around 1400 MeV, which comes
from a triangle singularity involving K*KK as
intermediate states, and tied to the nature of the
£1(1285) as a K*K molecule, a sufficient although
not necessary condition, since what matters is that
the f,(1285) couples to K*K and this is known
experimentally from the KzK decay mode. The
combination of the tail of the f;(1285) with the
increased phase space for the K*K production is
the reason for this second peak.

The two features described above are the experimental
facts in which the f;(1420) was accepted as a resonance,
but we have shown that they are consequences of the decay
modes of the f(1285) and one does not have to introduce
any new resonance to account for these facts. The absence
of the 7ay(980) decay mode of the f(1420) in all but one
experiment [5] is a fact that we have exploited here,
because if it were a resonance which decays mostly into
K*K, it would unavoidably have a width into 7a,(980) of
the order of (17.0 4 1.5)%, which has not been observed.
The 5% ray(980) decay mode attributed to the f(1420) in
Ref. [5] was a guess based on the lack of any other
interpretation of the shoulder found for this mode around
1400 MeV in the study of the decay of the f,(1285). We
found a natural explanation for this broad peak which then
does not require the existence of the f(1420).

Altogether, our study leads us to the unavoidable
conclusion that the f(1420) is not a resonance but simply
the manifestation of the K*K and 7a,(980) decay modes
of the f,(1285) around 1420 MeV.

ACKNOWLEDGMENTS

V.R.D. wishes to acknowledge the support from the
Programa Santiago Grisolia of Generalitat Valenciana

034015-8



REVISING THE f,(1420) RESONANCE

(Exp. GRISOLIA/2015/005). E. O. wishes to acknowledge
the support from the Chinese Academy of Science,
Grant No. 2013T2J0012. This work is partly supported
by the National Natural Science Foundation of China
under Grants No. 11565007 and No. 11547307. This
work is also partly supported by the Spanish Ministerio

PHYSICAL REVIEW D 95, 034015 (2017)

de Economia y Competitividad and European FEDER
funds under Contracts No. FIS2011-28853-C02-01,
No. FIS2011-28853-C02-02, No. FIS2014-57026-REDT,
No. FIS2014-51948-C2-1-P, and No. FIS2014-51948-C2-
2-P, and the Generalitat Valenciana in the program
Prometeo 11-2014/068.

[1] C. Patrignani et al. (Particle Data Group Collaboration),
Review of particle physics, Chin. Phys. C 40, 100001
(2016).

[2] T. A. Armstrong et al. (Athens-Bari-Birmingham-CERN
Collaboration), Spin parity analysis of the E meson centrally
produced in the reactions z7p — 77 (K’  K*K*)p and
pp = p(K° K*n%)p at 85-GeV/c, Phys. Lett. 146B,
273 (1984).

[3] T. A. Armstrong et al. (WA76 Collaboration), Further study
of the E/f1 (1420) meson in central production, Z. Phys. C
56, 29 (1992).

[4] P. Achard et al. (L3 Collaboration), Study of resonance
formation in the mass region 1400 MeV—1500 MeV
through the reaction yy — K3K*z*, J. High Energy Phys.
03 (2007) 018.

[5] D. Barberis et al. (WA102 Collaboration), A measurement
of the branching fractions of the f;(1285) and f,(1420)
produced in central pp interactions at 450 GeV/c,
Phys. Lett. B 440, 225 (1998).

[6] C. Amsler and A. Masoni, The pseudoscalar and pseudo-
vector mesons in the 1400 MeV region,” review of the PDG
[1], p. 915.

[7] E. Aceti, J. M. Dias, and E. Oset, f,(1285) decays into
ay(980)7°, £,(980)7° and isospin breaking, Eur. Phys. J. A
51, 48 (2015).

[8] F. Aceti, J.J. Xie, and E. Oset, The KK« decay of the
£1(1285) and its nature as a K*K — cc molecule, Phys. Lett.
B 750, 609 (2015).

[9] M. F. M. Lutz and E. E. Kolomeitsev, On meson resonances
and chiral symmetry, Nucl. Phys. A730, 392 (2004).

[10] L. Roca, E. Oset, and J. Singh, Low lying axial-vector
mesons as dynamically generated resonances, Phys. Rev. D
72, 014002 (2005).

[11] M. C. Birse, Effective chiral Lagrangians for spin 1 mesons,
Z. Phys. A 355, 231 (1996).

[12] Y. Zhou, X.L. Ren, H.X. Chen, and L.S. Geng,
Pseudoscalar meson and vector meson interactions and
dynamically generated axial-vector mesons, Phys. Rev. D
90, 014020 (2014).

[13] M. Ablikim et al. (BESIII Collaboration), Observation of
the isospin-violating decay J/y — ¢n°f,(980), Phys. Rev.
D 92, 012007 (2015).

[14] D. Barberis et al. (WA102 Collaboration), A study of the
KKn channel produced centrally in pp interactions at
450 GeV/c, Phys. Lett. B 413, 225 (1997).

[15] S. Godfrey and N. Isgur, Mesons in a relativized quark
model with chromodynamics, Phys. Rev. D 32, 189 (1985).

[16] E. van Beveren, T. A. Rijken, K. Metzger, C. Dullemond,
G. Rupp, and J. E. Ribeiro, A low lying scalar meson nonet
in a unitarized meson model, Z. Phys. C 30, 615 (1986).

[17] N. A. Tornqvist and M. Roos, Confirmation of the Sigma
Meson, Phys. Rev. Lett. 76, 1575 (1996).

[18] A.H. Fariborz, R. Jora, and J. Schechter, Global aspects of
the scalar meson puzzle, Phys. Rev. D 79, 074014 (2009).

[19] A.H. Fariborz, N. W. Park, J. Schechter, and M. Naeem
Shahid, Gauged linear sigma model and pion-pion scatter-
ing, Phys. Rev. D 80, 113001 (2009).

[20] J. D. Weinstein and N. Isgur, KK molecules, Phys. Rev. D
41, 2236 (1990).

[21] J. A. Oller and E. Oset, Chiral symmetry amplitudes in the S
wave isoscalar and isovector channels and the o, f(980),
ay(980) scalar mesons, Nucl. Phys. A620, 438 (1997);
Erratum, Nucl. Phys. A652, 407 (1999).

[22] N. Kaiser, zz S-wave phase shifts and nonperturbative
chiral approach, Eur. Phys. J. A 3, 307 (1998).

[23] M. P. Locher, V. E. Markushin, and H. Q. Zheng, Structure
of f,(980) from a coupled channel analysis of S wave zx
scattering, Eur. Phys. J. C 4, 317 (1998).

[24] J. Nieves and E. Ruiz Arriola, Bethe-Salpeter approach
for unitarized chiral perturbation theory, Nucl. Phys. A679,
57 (2000); Bethe-Salpeter approach for meson-meson scat-
tering in chiral perturbation theory, Phys. Lett. B 455, 30
(1999).

[25] R. L. Jaffe, Multiquark hadrons. 1. The phenomenology of
0?0? mesons, Phys. Rev. D 15, 267 (1977).

[26] E. Santopinto and G. Galata, Spectroscopy of tetraquark
states, Phys. Rev. C 75, 045206 (2007).

[27] H. Nagahiro, K. Nawa, S. Ozaki, D. Jido, and A. Hosaka,
Composite and elementary natures of a;(1260) meson,
Phys. Rev. D 83, 111504 (2011).

[28] H. Nagahiro, L. Roca, A. Hosaka, and E. Oset, Hidden
gauge formalism for the radiative decays of axial-vector
mesons, Phys. Rev. D 79, 014015 (2009).

[29] L. Roca, J. E. Palomar, and E. Oset, Decay of axial vector
mesons into VP and Py, Phys. Rev. D 70, 094006 (2004).

[30] L.S. Geng, E. Oset, L. Roca, and J. A. Oller, Clues for the
existence of two K;(1270) resonances, Phys. Rev. D 75,
014017 (2007).

[31] L. Roca, A. Hosaka, and E. Oset, Quantum loops in
radiative decays of the a; and b; axial-vector mesons,
Phys. Lett. B 658, 17 (2007).

[32] X.H. Liu, M. Oka, and Q. Zhao, Searching for observable
effects induced by anomalous triangle singularities,
Phys. Lett. B 753, 297 (2016).

034015-9


http://dx.doi.org/10.1088/1674-1137/40/10/100001
http://dx.doi.org/10.1088/1674-1137/40/10/100001
http://dx.doi.org/10.1016/0370-2693(84)91033-5
http://dx.doi.org/10.1016/0370-2693(84)91033-5
http://dx.doi.org/10.1007/BF01589704
http://dx.doi.org/10.1007/BF01589704
http://dx.doi.org/10.1088/1126-6708/2007/03/018
http://dx.doi.org/10.1088/1126-6708/2007/03/018
http://dx.doi.org/10.1016/S0370-2693(98)01264-7
http://dx.doi.org/10.1140/epja/i2015-15048-5
http://dx.doi.org/10.1140/epja/i2015-15048-5
http://dx.doi.org/10.1016/j.physletb.2015.09.068
http://dx.doi.org/10.1016/j.physletb.2015.09.068
http://dx.doi.org/10.1016/j.nuclphysa.2003.11.009
http://dx.doi.org/10.1103/PhysRevD.72.014002
http://dx.doi.org/10.1103/PhysRevD.72.014002
http://dx.doi.org/10.1007/s002180050105
http://dx.doi.org/10.1103/PhysRevD.90.014020
http://dx.doi.org/10.1103/PhysRevD.90.014020
http://dx.doi.org/10.1103/PhysRevD.92.012007
http://dx.doi.org/10.1103/PhysRevD.92.012007
http://dx.doi.org/10.1016/S0370-2693(97)01141-6
http://dx.doi.org/10.1103/PhysRevD.32.189
http://dx.doi.org/10.1007/BF01571811
http://dx.doi.org/10.1103/PhysRevLett.76.1575
http://dx.doi.org/10.1103/PhysRevD.79.074014
http://dx.doi.org/10.1103/PhysRevD.80.113001
http://dx.doi.org/10.1103/PhysRevD.41.2236
http://dx.doi.org/10.1103/PhysRevD.41.2236
http://dx.doi.org/10.1016/S0375-9474(97)00160-7
http://dx.doi.org/10.1016/S0375-9474(99)00427-3
http://dx.doi.org/10.1007/s100500050183
http://dx.doi.org/10.1007/s100520050210
http://dx.doi.org/10.1016/S0375-9474(00)00321-3
http://dx.doi.org/10.1016/S0375-9474(00)00321-3
http://dx.doi.org/10.1016/S0370-2693(99)00461-X
http://dx.doi.org/10.1016/S0370-2693(99)00461-X
http://dx.doi.org/10.1103/PhysRevD.15.267
http://dx.doi.org/10.1103/PhysRevC.75.045206
http://dx.doi.org/10.1103/PhysRevD.83.111504
http://dx.doi.org/10.1103/PhysRevD.79.014015
http://dx.doi.org/10.1103/PhysRevD.70.094006
http://dx.doi.org/10.1103/PhysRevD.75.014017
http://dx.doi.org/10.1103/PhysRevD.75.014017
http://dx.doi.org/10.1016/j.physletb.2007.10.035
http://dx.doi.org/10.1016/j.physletb.2015.12.027

DEBASTIANI, ACETIL LIANG, and OSET

[33] M. Mikhasenko, B. Ketzer, and A. Sarantsev, Nature of the
a,(1420), Phys. Rev. D 91, 094015 (2015).

[34] F. Aceti, L.R. Dai, and E. Oset, a,(1420) peak as the
7f(980) decay mode of the a;(1260), Phys. Rev. D 94,
096015 (2016).

[35] C. Adolph et al. (COMPASS Collaboration), Observation of
a New Narrow Axial-Vector Meson a; (1420), Phys. Rev.
Lett. 115, 082001 (2015).

[36] F. Mandl and G. Shaw, Quantum Field Theory, 2nd ed.
(John Wiley and Sons, New York, 2010).

[37] W. H. Liang and E. Oset, B® and BY decays into J /i f(980)
and J/yfy(500) and the nature of the scalar resonances,
Phys. Lett. B 737, 70 (2014).

[38] J.J. Xie, L.R. Dai, and E. Oset, The low lying scalar
resonances in the D° decays into K9 and f;,(500), £,(980),
ay(980), Phys. Lett. B 742, 363 (2015).

[39] J.J. Wu, X.H. Liu, Q. Zhao, and B.S. Zou, Puzzle
of  Anomalously Large Isospin  Violations in
1n(1405/1475) — 3x, Phys. Rev. Lett. 108, 081803 (2012).

[40] F. Aceti, W. H. Liang, E. Oset, J. J. Wu, and B. S. Zou, Isospin
breaking and f,(980) — a,(980) mixing in the 7(1405) —
7°£4(980) reaction, Phys. Rev. D 86, 114007 (2012).

PHYSICAL REVIEW D 95, 034015 (2017)

[41] X.G. Wu, J.J. Wu, Q. Zhao, and B. S. Zou, Understanding
the property of 5(1405/1475) in the J/y radiative decay,
Phys. Rev. D 87, 014023 (2013).

[42] M. Ablikim et al. (BESIII Collaboration), First observation
of 7(1405) decays into f,(980)z°, Phys. Rev. Lett. 108,
182001 (2012).

[43] M. Ablikim et al. (BESIII Collaboration), Amplitude
analysis of the y,.; — natz~ decays, arXiv:1610.02479.

[44] W.H. Liang, J.J. Xie, and E. Oset, f,(500), f,(980), and
ay(980) production in the y,; — nz "z~ reaction, Eur. Phys.
J. C 76, 700 (2016).

[45] V.R. Debastiani, W.H. Liang, J.J. Xie, and E. Oset,
Predictions for 5. — na™z~ producing f,(500), f((980)
and a((980), Phys. Lett. B 766, 59 (2017).

[46] L.D. Landau, On analytic properties of vertex parts in
quantum field theory, Nucl. Phys. 13, 181 (1959).

[47] S. Coleman and R. E. Norton, Singularities in the physical
region, Nuovo Cimento 38, 438 (1965).

[48] M. Bayar, F. Aceti, F. K. Guo, and E. Oset, Discussion
on triangle singularities in the A, — J/wK~p reaction,
Phys. Rev. D 94, 074039 (2016).

034015-10


http://dx.doi.org/10.1103/PhysRevD.91.094015
http://dx.doi.org/10.1103/PhysRevD.94.096015
http://dx.doi.org/10.1103/PhysRevD.94.096015
http://dx.doi.org/10.1103/PhysRevLett.115.082001
http://dx.doi.org/10.1103/PhysRevLett.115.082001
http://dx.doi.org/10.1016/j.physletb.2014.08.030
http://dx.doi.org/10.1016/j.physletb.2015.02.006
http://dx.doi.org/10.1103/PhysRevLett.108.081803
http://dx.doi.org/10.1103/PhysRevD.86.114007
http://dx.doi.org/10.1103/PhysRevD.87.014023
http://dx.doi.org/10.1103/PhysRevLett.108.182001
http://dx.doi.org/10.1103/PhysRevLett.108.182001
http://arXiv.org/abs/1610.02479
http://dx.doi.org/10.1140/epjc/s10052-016-4563-1
http://dx.doi.org/10.1140/epjc/s10052-016-4563-1
http://dx.doi.org/10.1016/j.physletb.2016.12.054
http://dx.doi.org/10.1016/0029-5582(59)90154-3
http://dx.doi.org/10.1007/BF02750472
http://dx.doi.org/10.1103/PhysRevD.94.074039

