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Abstract In the present work, we propose Y (4140) as the
Xc1 (3 P) state by studying the x.17 T ~ invariant mass spec-
trum of the B — K y.1w T~ process. In the D D invariant
mass spectrum of the B — K DD process, we find a new
resonance with the mass and width to be (4083.0 & 5.0) and
(24.1 £15.4)MeV, respectively, which could be a good can-
didate of the x.0(3P) state. The theoretical investigations
on the decay behaviors of the x.;(3P) in the present work
support the assignments of the Y (4140) and Y (4080) as the
Xc1(3P) and x.0(3P) states, respectively. In addition, the
Xc2(3P) state is predicted to be a very narrow state. The
results in the present work could be tested by further experi-
ments in the LHCb and forthcoming Belle II.

When checking the mass spectrum of the charmonia, one can
find the charmonia above 4 GeV are not abundant and our
understanding of these states is not comprehensive. In the
past decade, a number of the charmonium-like states around
4 GeV have been observed experimentally (see Ref. [1] for
details), which provides us a good opportunity to expand our
knowledge of the charmonia spectrum. For the P wave spin-
triplet, the ground states have been well established a long
time ago, which are x.0(3414), x.1(3510), and yx.2(3556)
[2]. For the first excitation of the P wave state, the y.2(2P)
state has been confirmed, which was successively discovered
in the yy — DD process by Belle and Babar Collabora-
tions [3,4]. X (3915) observedinthe yy — J/¢¥w [5,6] and
B — KJ/¥w [7,8] processes is a candidate of x.o(2P),
and X (3872) first observed in the B — KJ /Y7 7~ pro-
cess by the Belle Collaboration in 2003 [9], was supported
to be x.1(2P) [10-14].

The mass gap of x.2(2P) and x.2(1P) is about 370 Me V.
By adding this mass gap to the mass of x.2(2P), we can
roughly estimate that the y.2(3P) states should be below
4.3GeV, since the mass gaps become smaller with the
radial quantum number increasing. Thus, the masses of the
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XcJ (3P) state should be smaller than 4.3 GeV, which indi-
cates that the charmonium-like states below 4.3 GeV with
the positive C parity could be the candidates of the x.;(3P)
states. Very recently, the LHCb Collaboration has confirmed
the existence of the Y (4140) and the J£€ quantum numbers
were determined to be 171 [15, 16], so it could be a candidate
of the x.1(3P) state.

Y (4140) was first observed by the CDF Collaboration
in the J/Y¢ invariant mass spectrum in the exclusive
BT — J/y¥¢K™T decays with a statistical significance of
the signal being 3.80 [17]. The mass and width of the
structure were 4143.0 4+ 2.9(stat.) £ 1.2(syst.) MeV and
11.7f§:8(stat.) + 3.7(syst.) MeV, respectively [17]. Later,
the Belle Collaboration measured the cross sections for the
yy — J /¥ ¢ and found no evidence of Y (4140) [22], which
would rule out the JP¢ = 0*+, 2*++ assignment for the
Y (4140). In 2011, the CDF Collaboration reanalyzed the
process BT — J/y¢K* with a larger data sample [18].
The obtained resonance parameters were consistent with the
values reported from the CDF previous analysis [17], and
the statistical significance of the Y (4140) was reported to be
greater than 5o [18]. However, the previous analyses from
the LHCb and Babar Collaborations did not find the evi-
dence of the Y (4140) state in the BY — J/¥¢K™T and
B0 — J/y¢p K0 processes, respectively [23,24]. The
CMS Collaboration confirmed the existence of Y (4140) in
the B¥ — J/y¢ K™ and the significance of ¥ (4140) was
reported to be greater than 5o [19]. The DO Collaboration
also observed the signal of Y (4140) in the J/y¥ ¢ invari-
ant mass spectrum of the BT — J /¢ K™ process and the
inclusive p p collision process [20,21].

In Fig. 1, the mass and width of Y (4140) reported from
different collaborations are presented [15-21]. It should be
noticed that the width reported by the LHCb Collaboration
is obviously larger than the one from other experimental
groups, while the measurements from other three experimen-
tal collaborations are in line with each other. Such a discrep-
ancy is interesting and need more experimental efforts from
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Fig. 1 A comparison of the resonance parameters of Y (4140) reported
from different measurements [15-21]. The filled and open circle indi-
cate the significance of the Y (4140) signals are greater or less than 5o,
respectively

different experimental groups. In addition, the observation
of the Y (4140) in other channels could also provide a key of
resolving this discrepancy.

In Ref. [25], the Belle Collaboration reported their inclu-
sive and exclusive measurements of B decays to x.1 and x2.
When looking at the .77~ invariant mass spectrum of
the BT — KTy, m 7~ process, one can find a number of
event near 4.1 GeV. Searching the signal of Y (4140) in the
Xc170 T~ invariant mass spectra could provide us with more
information on the intrinsic nature on Y (4140). In the present
work, we introduce one resonance near 4.1 GeV as well as a
non-resonance contributions to fit the experimental data for
the x.17 7~ invariant mass distributions reported by the
Belle Collaboration [25]. The non-resonance contribution is
phenomenologically described by

ANonr ~ v'uP e, (1

where u = 1 —mz/m%J andv = mz/mi— 1 with my and my,
are the upper and lower thresholds of the x.177 77~ invariant
mass distributions and m is the invariant mass of y.j7tmw .
As for the resonance contribution, a phase space corrected
Breit—Wigner distribution is adopted, which is in the form

P(m) SrmRUR
P(mr) (m% —m?) —imglg

ARy = @
where mpr and I'p are the mass and width of the reso-
nance, respectively. fg is the coupling constant, which will
be treated as a free parameter in the fitting. P (m) is the phase
space of the B — K R, which is

1 1
P(m) = Em_g“’"%’ ma, m?)1/2 A3

with Killen function A(a, b, ¢) = a® + b + ¢2 — 2(ab +
ac + bc).
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The efficiency corrected x.17 "~ invariant mass distri-
butions could be described by the incoherent sum of the non-
resonance and the resonance contributions. The fitting result
is presented in Fig. 2a, in which the individual contributions
from the resonance and the non-resonance are also given. The
fitting curve could well reproduce the structure near 4.1 GeV.
The fitting parameters are listed in Table 1. The resonance
parameters of the structure near 4.1 GeV are fitted to be,

m = (4144.5 & 2.3) MeV,
I = (11.0 & 8.7) MeV,

respectively, which are well consistent with resonance
parameters of Y (4140) reported by CDF and CMS Collabo-
rations [18,19] and the J©€ quantum numbers of this state
could be 171, Thus, the state in the x.;7 77 ~ invariant mass
spectrum could be the same state as Y (4140). In this case,
Y (4140) could couple to both y.i7z 7~ and J/¥ ¢, and
it is unlikely to be a pure ccss tetraquark state, a molecu-
lar state composed from D}t D}~ or a cusp effect of the
DT D[ +h.c. proposed in previous literature [27-44]. Here,
we propose that Y (4140) could be a P-wave charmonium
state, i.e., x1(3P), which is the second radial excitation of
Xc1(3510). In such an assignment, Y (4140) could couple to
charmed and charmed-strange meson pairs and then couple
to the J /¢ or xcimw T~ via charmed-strange or charmed
meson loops, which is a typical mechanism working in the
light meson transitions between heavy quarkonia [45-50].

In addition, from the present fit to the Xe17w T~ invari-
ant mass spectrum, one could find the ratio of B[BT —
K1Y (4140), Y(4140) — xcmtm~]and B[BT — KT xc1
7w ~] to be about 2% when taking the center values
of the fitting parameters. The branching ratio B[BT —
KT xe1m ] was reported to be (3.74 & 0.18 4 0.24) x
1074 by the Belle Collaboration [25], thus, one could
roughly estimate the branching ratio of the cascade pro-
cess Bt — KTY(4140), Y(4140) — xcimTm™ to be
about 7 x 1076, This branching ratio is of the same order
as the B[BT — K1Y (4140), Y(4140) — J/y¢], which
is (10 = 5) x 107%. This conclusion is consistent with
our expectation due to the similarity of these two pro-
cesses. Furthermore, if the X (3872) is considered as the
candidate of the x.;(2P), we find the branching ratio
B[BT — KT1Y(4140),Y(4140) — x.ntm~] is also
similar to B[B* — KX (3872), X(3872) — mwTn~J/¥]
and B[BT — KX (3872), X(3872) — wJ /], which are
(8.6+0.8) x 10~%and (6.0+2.2) x 107 [2], respectively.
Thus, the assignment of the Y (4140) as the x.1(3P) state
does not conflict with the present experimental data.

If Y(4140) could be assigned as the x.;(3P) state, the
mass of the x.o(3 P) states should be below 4.14 GeV. In Ref.
[26], the Babar Collaboration reported their measurement
of the DD invariant mass spectrum of the B — K DD,
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Fig. 2 Our fit to the efficiency
corrected .17 T~ invariant
mass spectrum of the

B — Kyx.intm™ (a) from the
Belle Collaboration [25] and the
DD invariant mass spectrum of
the B — K DD (b) from the
Babar Collaboration [26]
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Table 1 Parameters obtained T
. . . B —> Kxcan'nm
from fitting to the invariant mass
+ -
spectra of the Xerw"mw of the h 212 4+ 0.02 » 0.29 + 0.06
B — Kyxantnm process and
process [25,26] mg (4144.5 £2.3) MeV I'r (11.0 £ 8.7) MeV
B — KDD
h 0.32 +£0.09 p 0.01 £0.42
c 0.32 +£0.30 fu(3770) 4.21+0.35
mg (4083.0 +5.0) MeV g (24.1 £ 15.4) MeV
Sr 3.37+£0.62

in which one can find the signal of 1 (3770) and a number
of events below 4.1 GeV. In a similar way, we fit the DD
invariant mass spectrum of the B — K DD process with a
non-resonance contributions and two resonances. Here, the
resonance parameters of ¥ (3770) are fixed to be the PDG
average values [2] and leave the coupling constant fy 3770
as a free parameter. The fitting curve as well as the individual
contributions are presented in Fig. 2b, in which the structure
near 4.1 GeV is well reproduced. The mass and width of this
state are fitted to be

m = (4083.0 & 5.0) MeV

[ = (24.1 £15.4) MeV, 4)

respectively. This state, named Y (4080), could be a good
candidate of x.o(3P). From the fitting parameters, one can
find that Y (4080) is just about 60 MeV below Y (4140). This
mass gap is very reasonable compared to the one of the 1P
state, which is about 100 MeV. In addition, the x.o(3 P) state
couples to the DD via an S-wave, thus, the observation of
Xc0(3P) state in the DD final states is consistent with the
expectation.

Similar to the case of B — K x.17 77—, one can roughly
estimate the branching ratioof B — K x.0(3P), xco3P) —
DD from the present fitting results. With the center val-
ues of the fitting parameter listed in Table I, the ratio of
BBt — Kt x.0(3P), xeo(3P) — DD] and B[BT —
KTy (3770), ¥ (3770) — D D] is estimated to be 0.6. Thus,

branching ratio B{B* — K% x.0(3P), xc0(3P) — DD] is
about 1.5 x 10~*. Since both ¥ (3770) and x.o(3P) dom-
inantly decay into DD, thus, one could conclude that the
branching ratio of BY — K x.(3P) is about 1.5 x 107,
This branching ratio is of the same order as the one of
B* — K*tyxe(1P), which is 1507013 x 107%. Thus,
Y (4080) could be a candidate of the x.q(3P) state.

To test the possibility of Y (4140) and Y (4080) as the
Xc1(3P) and x.0(3P) states, respectively, we can further
check the mass spectrum of charmonia and the decay behav-
ior of the x.;(3P) states.

Mass spectrum The mass spectrum of the charmonium has
been widely investigated in potential model. The Godfrey
and Isgur performed a systematic investigation of the spectra
of the meson system in a relativistic quark model with the
potential of the quark—antiquark in a linear form in the large
distance [51], which is consistent with the Lattice QCD calcu-
lation with quenched approximation [52]. However, the study
of the near threshold charmonium-like state X (3872) indi-
cates that the coupled-channel effects are crucial for under-
standing the higher charmonia spectra [54-56]. The screened
potential as an effective description of the coupled-channel
effect predicted a similar mass spectrum of the charmonia
as the coupled-channel quark model [14,57] Such a kind of
screened effect is also supported by the unquenched Lat-
tice QCD calculations [52,53] and the estimation in the light
mesons [58].

@ Springer



671 Page 4 of 7

Eur. Phys. J. C (2016) 76:671

Table 2 The masses of the charmonia in the J/¢ and x.; families in
units of MeV. The GI, CP and CC are indicate the calculation from the
Godfrey and Isgure [51], the screened potential quark model [57] and
coupled-channel quark model [56], respectively

State GI [51] SP [57] CC [56] Expt. [2]

J/ 3098 3097 3090 3096.916 £ 0.011
¥(2S) 3676 3673 3663 3686.093 + 0.034
¥(3S) 4100 4022 4036 4039+ 1

Y (4S) 4450 4273 - -2

%o (1P) 3445 3433 3415 3414.75 £0.71
Xe1(1P) 3510 3510 3489 3510.66 £+ 0.07
X2 (1P) 3550 3554 3550 3556.20 £ 0.09
Xc0(2P) 3916 3842 3782 -

Xe1(2P) 3953 3901 3859 -

X2 (2P) 3979 3937 3917 3920 £5
%xc0(3P) 4292 4131 - -

Xc1(3P) 4317 4178 - -

Xc2(3P) 4337 4208 - -

2 In the GI model [51], ¥ (4415) is assigned as ¥ (4S), while in the
screened potential model, 1 (4415) is considered as ¥ (55)

Stimulated by the similarity of the charmonium and bot-
tomonium spectra and the anomalous mass gaps of the S-
wave vector charmonia, i.e., if ¥/ (4415) is assigned as ¥ (45),
the mass gap of ¥ (4S) and ¥ (3S5) is about 382 MeV, which
is larger than the one of ¥ (3S) and ¥ (2S5), the authors in
Ref. [59] proposed a narrow v (4S) near 4.2 GeV, which
is consistent with the screened potential prediction [14,57].
Later, the BESIII observed a new structure X (4230) in the
ete™ — xc0w [60], which could be a good candidate of the
predicted v (4S5) [50,61]. The prediction of ¥ (45) indicates
the screened potential model could provide a better descrip-
tion for the higher charmonia.

The coupled-channel quark model and the screened poten-
tial model predicted similar mass spectra of charmonia but
different from the quenched quark model [14,51,56,57]. In
Table 2, a comparison of the charmonium mass spectrum
among different quark models is presented. The masses from
the screened potential model and the coupled-channel quark
model are much lower than the quenched quark model, espe-
cially for the higher charmonia. As for 1 (4S), X(4230)
is about 50 MeV below the screened potential model pre-
diction, and the predicted x.1(3P) is located at 4178 MeV
[14,57], which is about 40 MeV above Y (4140), thus from
this point of view, Y (4140) could be a good candidate of the
Xc1 (3 P). With such a discrepancy of the theoretical predic-
tions and the observation, the mass of x.o(3P) should be
close to 4.09 GeV, which is also consistent with the one of
the ¥ (4080) observed in the B — K D D process. Similarly,
the mass of x.2(3P) should be about 4.17 GeV.

@ Springer

Decay behavior The open charm decays of the x.;(3P)
could be estimated in a quark pair creation (QPC) model.
In this model, the quark—antiquark pair is created from the
vacuum with the JF€ = 077, thus the QPC model is also
named 3 Py model, which was proposed by Micu [62—-67] and
widely used to calculate the OZI allowed decay process [68—
74,76]. For the OZI allowed strong decay process A — BC,
the corresponding S-matrix is,

(BC|S|A) =1 —i(2m)8(E; — E;){BC|T| A). 5)

In the nonrelativistic limit, the transition operator 7 is defined
as

T =3y ) (Im:1—m|00) / dp3dpad’ (p3 + p4)
m

X V1m <p3 2 p4> X13,4_m¢84a)84b§,- (P3)dL (pg). (6)
This transition operator is introduced to describe the quark—
antiquark (denoted by indices 3 and 4) created from vacuum.
The phenomenological creation strength y for ¢¢ is taken as
y = 6.3 [77], while the strength for s3 satisfies y; = y/+/3.
Yem(P) = [pl“Yem (P) is the £th solid harmonic polynomial.
X, ¢, and w are the general description of the spin, flavor,
and color wave functions of the quark—antiquark pair, respec-
tively.

The partial wave amplitudes could be related to the helicity
amplitudes by [78]

V2L + 1

JL
P) =
M ®) 2J4+1

> (LO: TMy,|TaM,,)
MJBMJC

x(JpM 5 Je My |JaM g ) MMaMisMic
(7N
and the partial width of A — BC is

IPs|
Tampe =m2—5 Y IM/E@)P, ®)
Mma TL

where m 4 is the mass of the initial state A and P is the three
momentum of the B in the A rest frame.

In the present work, we adopt the simple harmonic oscilla-
tor (SHO) wave function \Il,’f(l?m (k) to simulate the wave func-
tions of charmonium, charmed and charmed-strange mesons.
The value of a parameter R appearing in the SHO wave func-
tion can be obtained such that it reproduces the realistic root
mean square (rms) radius, which can be calculated by the
relativistic quark model [71]. The simple harmonic oscilla-
tor wave function with a parameter R has been widely used
to study the OZI allowed strong decays. In Refs. [72-75],
the R values of the low-lying mesons were determined by
the relativistic quark model and with these R parameters, the
decays of the mesons were also investigated, and the obtained
results were consistent with the experimental measurements.
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Fig. 3 The partial and total widths of the open charm decays of the
XcJ (3P) states. a—c¢ Corresponding to the J = 0, 1 and 2, respectively.
The light gray band in a is corresponding to the total width of x.0(3P)
determined in the present work. The yellow and light gray bands in b
are corresponding to the total width of the x.;(3P) reported by CDF
[18] and CMS [19] Collaborations, respectively

In Refs. [59,76], the decay behaviors of the higher char-
monium are estimated with the simple harmonic oscillator
wave functions and the obtained results could well repro-
duce the corresponding experimental data, which proves such
an approach is reliable to investigate the strong decays of
hadrons.

The unquenched relativistic quark model achieved great
successes in the description of the low-lying mesons. Thus,
in the present calculations, we fix the R values for D, D*, Dy,
and D tobe 1.52, 1.85, 1.41 and 1.69 GeV~!, respectively,
which are estimated from the relativistic quark model [71].
Different from the charmed and charmed-strange mesons, the
parameter R introduced by the wave function of x.;(3P) is
considered as a parameter since we are discussing the higher
excited states in charmonium family, where the coupled-
channel effects become important. The coupled effects not
only shift the mass spectrum but also modify the wave func-
tions of the quarkonium. In Ref. [76], the width of 2 (2P)
could be well reproduced when R ~ 1.8 GeV~!. The R
value for the 3P charmonia should be a bit larger than the
one of the 2 P state, thus, we varies R from 1.8 to 2.6 GeV ™!
for x.;(3P) in the present work. In addition, the constituent
quark masses for charm, up/down, and strange quarks are
adopted to be 1.60, 0.22, and 0.419 GeV, respectively [76]

The R dependences of the total and partial widths of the
XcJ (3 P) states are presented in Fig. 3. Based on the estima-
tions in the present work, we find

(1) Asshownin Fig. 3b, the estimated total width of x.; (3 P)
could overlap with the experimental data reported by
CDF [18] and CMS [19] Collaborations, but it can only
reach up to the lower limit of the LHCb measurement [ 15,
16], which indicates that the present calculations support
Y (4140) to be a narrow state and is also consistent with

our fit to the .77~ invariant mass spectrum of the
B — K xciw T~ process.

(2) The estimated total and partial widths of x.o(3P) are
presented in Fig. 3a. For comparison, we also present
the width obtained from our fit to the D D invariant mass
spectrum of the B — K DD process. The estimated
total width is consistent with the fitted one in the range
of 2.05 < R < 2.3 GeV~!, which is similar to the
one determined by the total width of x.1(3P). In this
R range, x.0(3P) dominantly decays into DD, which
is why we could observe its signal in the DD invariant
mass spectra.

(3) For x2(3P), the partial widths are strongly dependent
on the parameter R due to nodes in the wave function of
the charmonium. However, the estimated total width of
the xc2(3P) state is rather stable, which is of the order
10 MeV in the considered R range. This particular prop-
erty of x.2(3P) could be a crucial test to the present
calculations.

To summarize, we find a narrow resonance in the x.7w+mw~
invariant mass spectrum of the B — K x.jm 7~ process
with the resonance parameters consistent with the values
of Y (4140) reported in the J/v¥¢ invariant mass spectrum,
which indicates that the resonance in both processes could
be the same one. Y (4140) is assigned as x.1 (3 P) rather than
a DT D molecule state or ccss tetraquark state due to its
coupling to .17 +t7w~ and the charmonium mass spectrum
predicted by the screened potential model. B — K o1 m ™
could be a good process of observing Y (4140) since Y (4140)
is far above the threshold of x.17 7=, which could avoid
the pollution of the threshold effect and under threshold res-
onance. In addition, we find a x.o(3P) candidate in the
DD invariant mass spectrum of the B — KDD pro-
cess. The mass and width of this new state is fitted to be
4083.0 5.0 MeV and 24.1 + 15.4 MeV, respectively. Our
calculations of the total widths of x.(3P) and x.1(3P)
in the quark pair creation model are well consistent with
those extracted from the experimental data. Furthermore, the
present calculations also indicate that x.o (3 P) is arather nar-
row state. These results in the present work could be tested
by further experiments in the LHCb and forthcoming Belle
II.

Besides the open charm decays of the x.;(3P) states,
the hidden charm decay processes of these states are also
important. For example, the candidate of x.1(3P), Y (4140)
is observed in the J /v ¢ and x.7 7~ modes and, in princi-
ple, this state could also decay into J /vy w. At present, there
exist the measurements of the J /¢ @ invariant mass spectrum
of yy - J/Yw [5,6] and B — KJ/Vw [7,8] processes
from both Belle and BaBar Collaborations. For the former
process, Y (4140) is forbidden with the x.; (3 P) assignment.
Forthe B — K J /v w process, one can find the bin size of the

@ Springer
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experimental data around 4.1 GeV is 40 MeV, which is about
2 to 3 times larger than the width of Y (4140). Thus, it would
be difficult to find any evidence of Y (4140) in the present
experimental data. We expect that the future precise exper-
imental measurements of the B — K J /v w could provide
us more information of the structures in the J /vy invariant
mass spectrum.

Before the end of this work, we mention that the y y colli-
sion could be an ideal process of searching P wave charmo-
nia, in which X (3915) and Z(3930) had been observed. In
the yy — DD process, there is a single bin bump at 4.085
GeV in the Belle data [3], while in the Babar data a bump
appears at 4.095 GeV [4]. However, since the experimental
data in this energy range have large errors, more precise mea-
surements from the forthcoming Belle II could further check
the relation of this bump and the x.o(3 P) state.
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