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The mass spectra of the ¢h¢p and J/w¢ states in the decay B — J/w¢¢ recently observed by LHCb are
calculated in the model which takes into account the J* = 0,07, 2" intermediate resonances R, R, in the
¢¢ channel and the J© = 17 ones, X;, X,, in the J/w¢ channel. When obtaining the expressions for the
effective amplitudes and mass spectra, the approximate threshold kinematics of the decay is used
essentially. The Ry — R, and X; — X, mixings arising due to the common decay modes ¢¢ and J/w,
respectively, are also taken into account. The obtained expressions for the mass spectra are applied for
extracting the information about masses and coupling constants of the resonances in the ¢¢) and J /¢ final

states.
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I. INTRODUCTION

Recently, the LHCb collaboration has reported the
observation of the decay BY — J/w¢¢p [1]. The interest
in this decay is related to the possible existence of the exotic
glueball state decaying into the ¢¢p pair [2-5]. The spin-
parity quantum numbers of the resonance states decaying
into ¢¢ are reported to be J© = 0%,0, and 2% [6,7].

The LHCb collaboration has also reported the observa-
tion of four resonance structures in the decay
Bt > J/w$K™, in the mass range 4140-4700 MeV,
decaying into J/w¢ [8,9]. This group of resonances is
widely discussed because of their possible exotic nature
[10-12], side by side with the explanations based on the
dynamical rescattering effects [13]. Two of them, X(4140)
and X(4274), have masses in the range 4100-4350 MeV
attained in the J/w¢ mass spectrum in the decay BY —
J/wpe [1]. The preferable spin-parity quantum numbers of
these resonances are J© = 11 [8].

The data of Ref. [1] were plotted against the phase space
distribution which was shown to be inadequate because the
resonance bumps were seen in both the ¢¢ and J/y¢ mass
spectra [1]. The aim of the present work is to write down the
amplitudes and the mass spectra of the above final states in
the decay BY — J/w¢¢ upon taking into account possible
intermediate resonance states in the ¢¢ and J/w¢ chan-
nels, irrespective of the model assumptions about their
nature.

The task of obtaining the effective amplitudes is greatly
simplified when one takes into account the near-threshold
kinematics of the decay B? — J/w¢p¢p. Then one can
neglect the higher partial waves in the decay amplitudes.
The expressions for the ¢¢ and J/w¢ mass spectra
obtained under such an approximation upon taking into
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account the intermediate resonances R, — ¢¢ and X; , —
J/w¢ are used to extract from the fits the masses and
coupling constants of these resonances. It should be
emphasized that the presentation of the results in terms
of coupling constants is more informative than the popular
representation in terms of the partial widths.

The paper is organized as follows. Section II contains the
expressions for the lowest momenta effective vertices of the
B} = RioJ [y, B) = X120, R 5 = ¢, and X, — J [y
transitions assuming J© = 0%, 07, 2" for the R, , resonan-
ces and J¥ = 17 for the X , ones. The partial decay widths
Ry, = ¢¢ and X, — j/y are given there. Section III is
devoted to the derivation of the BY — J/w¢¢ decay
amplitudes upon taking into account the R; — R, mixing
due to the common ¢¢ decay channel, and X; — X, mixing
due to the J/w¢ one. The modulus squared of the BY —
J /ywp¢ decay amplitude and the expressions for the ¢¢ and
J/w¢ mass spectra are calculated in Sec. IV. In Sec. V,
these expression are applied to the description of the LHCb
data [1]. Section VI contains the brief discussion of the
obtained results. Section VII serves as a conclusion. Some
details used in the derivation of expressions in the main text
are given in the Appendices.

II. EFFECTIVE VERTICES AND PARTIAL
DECAY WIDTHS

We assume the existence of the resonances at mgy, =
2.07 and 2.2 GeV in the ¢¢ mass spectrum which will be
called R, », and the resonances X(4140) and X (4274) with
masses in the range 4100-4350 MeV, in the J/y¢ mass
spectrum [14,15] which will be called X ,. One needs the
effective vertices BY — J/wR, R — ¢¢, B — ¢X,
X — J/w¢. See Fig. 1. Since all particles in the final state
of the decay B? — J/w¢¢ have unit spin, the number of
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effective contributions to the decay amplitude is fright-
eningly large, especially when taking into account the fact
that space parity is not conserved because the BY meson
decays due to the weak interactions, so that only the angular
momentum conservation, not the space parity, restricts the
number of possible Lorenz structures in the effective decay
amplitudes. The couplings of R with ¢¢p and X with J/y¢
are considered to be due to the strong interactions, hence
they conserve parity, but again the unit spin admits many
independent effective contributions. The situation can be
greatly simplified if one takes into account the fact that the
kinematics of the decay,

BY(Q) = J/w(q) + (ki) + ¢(ky).

is such that all particles in the final state have relatively low
momenta. Indeed, the invariant mass of the ¢¢ pair varies
in the range

(2.1)

2my < myy < mpo—my,, (2.2)
that is, 2.04 < my, < 2.27 GeV. The maximum momen-
tum of the ¢ is reached when the final J/w meson is at rest
while two ¢ mesons move in opposite directions, and this
gives |ki| . /my = 0.5. Analogously, the invariant mass of
the J/w¢ state varies in the range
M+ Mgy S mypyg < Mgy = My, (23)

that is, 4.12 < my,,, < 4.35 GeV. The maximum momen-
tum of the J/y meson is reached when one of the ¢ mesons
is at rest, while the other moves oppositely to J/y resulting
in |q|./my), =0.2. However, these relatively small
ratios are not in fact reached because the above kinematic
situations taking place at the border of phase space are
suppressed by the final state phase space factors. See
Egs. (4.7) and (4.9) below. This permits one to take into
account only the effective decay vertices with the lowest
nonvanishing powers of momenta.

Let us start with the parity-conserving effective vertices
of R - ¢¢ and X — J/y¢. The required lowest momenta
R — ¢¢ vertices for various quantum numbers are

MR(O*)—)(/)(/) = ng)(/)(g('/’l) . €<’/’2>)

’

M R(07)—¢p — gR(]ﬁ(l)E/dMaklﬂez(/ k2,1€(¢2)

(#1) (¢2)

gR(,b(/)T;,wey €, (24)

Mgotysgpp =

where T, is the polarization tensor of the spin two

resonance, ¢%12) and ki, stand for the polarization four-
vector and four-momentum of the ¢, , meson, and
the totally antisymmetric unit Levi-Civita tensor.
The quantum numbers of the X(4140) and X(4274)
resonances are now established: J©¢ = 17+ [8,9]. Then the
effective lowest momentum X — J/y¢ vertex looks like

8/41/10 1S
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eﬂylgpﬂel(,x) eﬁ’/"’)e&"’) . (25

Mx(+)~i/pp = Ixiwgp
In the above expressions, €X), ¢//¥) stand for the polari-
zation four-vectors of the X, J/w mesons, respectively,
and p, is the four-momentum of the X resonance. The
justification of this expression is given in Appendix A. All
effective vertices are assumed to be real, and the possible
dependence on the momentum squared is neglected.

Let us give the effective amplitudes for the weak decays
of the BY meson. The lowest momenta amplitudes of the
transitions BY — J/wR for different quantum numbers of
the resonance R are

Mpo_ s 1yr0t) = 29505 R(€W V). k),
MB?—»J/WR(T) = 980 /yr Ty aef(t i )qm (2.6)

where k = k; + k,. Note that, in the first expression in
Eq. (2.6), the amplitude conserves (breaks) the space parity
in the case of R with J¥ = 0~ (J¥ = 0%), respectively. The
expression of the decay amplitude to the tensor resonance
in the second line of Eq. (2.6) breaks parity The parity-

conserving amplitude is « Tﬂaeﬂm,qaey k,lqa, hence it
has the D wave form to be neglected side by side with the
parity-breaking D wave expression Tﬂaqﬂqa(eu W) k).
The lowest momentum BY — ¢X transition amplitude,

Mo_yxir) = Ipoxp(€? - eY)), (2.7)
breaks space parity.

Our goal here is to take into account the energy depend-
ence of the partial widths of the resonances involved, as well
as their mixing due to the common decay modes (if any).
The Particle Data Group (PDG) gives the ¢¢, KK decay
modes for the tensor f,(2010), f,(2300), and f,(2340)
resonances and the #i one for the f,(2340) resonance [6].
Again, because of the low statistics of the available data we
will take into account only the ¢¢p decay mode relevant in
the context of the data presented in Ref. [1]. The same
assumption will be adopted for the scalar and pseudoscalar
ones observed by the BESIII collaboration [7].

The standard calculation gives the partial decay widths
for the resonances with the given quantum numbers. Taking
into account only the lowest nonvanishing momenta, one
gets, using the effective vertices Eq. (2.4), the following
expressions:

39R(0*)¢¢ /11/2< 2 m2)

FR(0+)_,{/,¢(WL2)— 3277;m m m¢,m¢

Ir(0 )i
FR(O*)—>¢¢(m2) 643 /13/2(’" m¢,m¢)

re) IR g
LRt o (m?) = Y- /11/2(m mé mé) (2.8)
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Hereafter,

AMx,y,2) = x> +y* + 22 = 2xy — 2x7 — 2yz (2.9)
is the standard Killén function. Correspondingly, the
X(17) = J/w¢ partial width calculated from Eq. (2.5) is

2
X /we 1202 .2 2
S Az (m ,mJ/W,m[/)).

Fx_)j/wqj(mz) = (210)

In what follows, the BY — J/w¢¢ decay amplitudes to be
derived below will include only the resonance contribution
with specific J¥. By this reason, all resonances R with
different quantum numbers will be labeled by the single
letter R in the coupling constants, without pointing to the
J? quantum numbers.

IIIl. AMPLITUDES OF THE DECAY B! — J/y¢¢

According to the diagrams shown in Fig. 1, let us
represent the BY — J/w¢¢ decay amplitude as the sum
of the R and X resonance contributions,

M:MR+Mx.

The LHCb data [1] visibly demonstrate the appearance of
two enhancements in the ¢¢ and J/w¢ mass spectra. So, it
will be assumed in what follows that there are two
resonances R;, R, with the spin zero and (or) spin two
in the ¢ system mass range from 2.0 to 2.4 GeV [6,7] and
two resonances X, X, with J¥ = 17 in the J/y¢ system
mass range from 4.14 to 4.35 GeV [8,9]. Their masses are
close, and the resonances have common decay modes like
¢¢ in the case of R, , or J/y¢ in the case of X, ,. They can
mix inside each group. Using Refs. [16,17] we take into
account the Ry — R, and X, — X, mixing by introducing
the nondiagonal polarization operators Hg) and Hg),
respectively. Then the simplest Breit-Wigner resonance
contribution in the case of, say, Ry ,,

9B%1 ) wRIRGP

mk —m? —imgl'y’

BW (3.1)

should be generalized to include the effects of energy
dependent widths and mixing by means of introducing the

amplitude G(é) with amputated kinematic factors (to be
included below). Taking into account the effect of

J/(q) O(k1)

) @(ka)
BI(Q) BYQ)

T + -

(k1) X o) \\X k)
J/v(a)

B(k2) J/(a)

FIG. 1. The diagrams of the decay BY — J/ypep.
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resonance mixing in general case is outlined in
Appendix B by Eq. (Bl). In the case of two mixed
resonances Eq. (B1) reduces to

R R
G(12> = G(lz)(mz)

Dg Hglze) Irig$
= (9801 )wk,» ng,/q,R2)< ® )( | >

I, Dg, ) \IRup¢

1
— (3.2)
R)2

DRlDRz _H(l2)

Dy = Dg (m?) = mfzel_ —m? —imlg _4p(m?), (3.3)
with i =1, 2 where T’z _,,(m?*) for different quantum
numbers of the R, , resonances are given by Eq. (2.8), and
the nondiagonal polarization operator which includes the
common ¢¢ mode is

R R
nig =1 o)

R . 9r
= ReH(m)(mz) + imLg, - gy (m?) TR

34
IR g (34)

Analogously, the mixing of X resonances is taken into
account by introducing the amplitude with amputated
kinematical factors:

X X
oy = ifme)

(X)
_ (g N g0 ) DXz I}, 9X\J [y
— BlpX,» B)pX, H<X) D Ix Tive
12 Xl 2/ /Y

1
DU S (3.5)
2
DXlDXz - H%()

The inverse propagator of the X; resonances (i = 1, 2)
that appears in Eq. (3.5) is
Dy = Dy (m*) = m%i —m? —imlx _;/,0(m?), (3.6)
where my, is the mass of the X; resonance. The non-

diagonal polarization operator responsible for X; — X,
mixing is written analogously to Eq. (3.4):

I X I X
52) §2>(‘”2)
mz) 721/1,/ .

X )
= Rel'[iz)(mz) + szXl_)J/W,(
9Ix1J lyep

(3.7)

The partial width of the X; decay to J/w¢ is given by
Eq. (2.10). Equations (3.2) and (3.5) reduce to the simple

sum of two Breit-Wigner contributions in the case of

(R.X)

vanishing mixing II),”" — 0. The explicit alternative
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expression for the mixing amplitude valid in the case of the
two resonances mixed via the single common decay
channel is given by Eq. (B2) in Appendix B.

As for Eqgs. (3.3) and (3.4), their imaginary parts
originated from the ¢¢ loop contribution are fixed by
the unitarity relation. The real parts are divergent when
calculated from the dispersion relation upon neglecting the
vertex form factors,

¥ (5) = TRett / = VsTrogg(s) ) (3.8)

IR, pp J4m? s’ —s—1i0
In the case of J® = 0T and 2%, when restricting to the S-
wave approximation, the divergence is logarithmic and can
be regularized by the subtraction at the resonance mass.
However, there is the D wave contribution neglected in
Eq. (2.8) which makes the divergence much stronger, and
there are no model independent ways to fix the subtraction
constants. The same holds for the P wave decay of the
JP = 0~ resonance. Alternatively, one may insert the vertex
form factors to make the loop integrations finite, but this
again requires the fixing of additional free parameters
characterizing the above form factors. The same refers to
the X resonances whose decay width contains the D-wave
contribution essential in the dispersion integral at large
momenta.

In practice, one can adopt the following way of action. In
the present case, there are no sharp energy dependencies of
the loop effects like those observed in the case of the
difference of the K*K~ and K°K° loop contributions
[18,19]. The decay kinematics is such that it involves
relatively narrow intervals of the invariant masses of the ¢¢
and J/y states. See Eqgs. (2.2) and (2.3). Hence, one can
ignore the possible dependence on energy of the really
incalculable smooth real parts of the loop contributions and
take them as constants. In the case of the diagonal
polarization operators, the constants are absorbed in the
masses of the resonances mp, ,, while in the nondiagonal

one, HY;’X), it is included as the free parameter

aﬁﬁ’m = ReH(lg’X), all these to be determined from the fit.

After these remarks, one can write the contribution of the
mixed resonances in the ¢¢ state.
(a) R1,2 = 0+.

Mg = 2GR (€U0 - k) () - @), (3.9)
which is odd under the parity inversion. Here-
after k = k| + k.

(b) R1,2 — 0_.

My = 2GR (V1) - K)e,10k1,e M kyiel? (3.10)

which is even under the parity inversion.

PHYSICAL REVIEW D 95, 014005 (2017)

(©) Ri,=2".
Mg = 2G(11§>PW.M€,(//W) qbe/({(/)‘)e((,(/”), (3.11)
where
Prvie =3 (PuiPra + PuaPui) =3 PuPis. (3.12)
2 3
with

k,k
P, =P,(k)=-n, + 22” (3.13)
stands for the result of summation over the polar-
izations of the intermediate tensor resonance;
N = diag(l,—1,—1,—1). When calculating mass
spectra, it is useful to do this in the rest reference
frame of the ¢¢p pair, k = (m,,0,0,0), where

miy = (ky + ky)? (3.14)
is the invariant mass squared of the ¢p¢ state. In this
frame, P, ,, reduces to the three-dimensional form
expressed through the Kronecker delta:

1

1
5 (5in16ns + émsénl) - 75mn51s'

Pmn,ls = 3

(3.15)

The second necessary ingredient for obtaining the ¢¢
and J/w¢ mass spectra in the decay BY — J/w¢¢ is the
contribution of the X exchange schematically depicted as
the second and third Feynman diagrams in Fig. 1. It looks
like
My = ﬂylgegf/).)ey/w)e(arﬁz)

x [G (m33)(q + ky), — G (m33) (g + ko), ).

(3.16)
where
miy = (q+ ki) (3.17)
and
ma; = (q+ k) (3.18)

stand for the invariant mass squared of the J/w¢ , states,
respectively. Note that the amplitude (3.16) is even under
parity reflection and symmetric under permutation of two ¢
mesons. Equation (3.16) can be simplified when taking into
account the small momenta of final particles. It is composed
as the difference of two Lorenz-invariant expressions each
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of which can be evaluated in its respective rest reference
frame:

My = m13G(1)2()(m%3)([€1 x €] - eV/V))

- m23G(1)2() (m%3)([€1 X €] .g(J/V/>)23’

(3.19)
where indices 13 or 23 at the vector structures point to the
rest reference frame of the state J/w¢, or J/w¢,. Now, the
three-dimensional polarization vector € of the vector meson
with the four-momentum (E,p) is expressed through its
counterpart € in the rest frame:

(3.20)

Hence, both three-dimensional polarization structures in
Eq. (3.19) can be represented in the form which includes
only the polarization three-vectors in the rest frame,

[e1 x €3] - €)= (&) x &) - EV1Y),

because they differ by the terms squared in momenta which
can be neglected in the considered case. Under this
approximation the amplitude of X exchange looks like

X X
My =[G\ (m2)mys — G (m3y)myy]

x [ x &) - €Y. (3.21)

The expressions for the ¢¢ and J/w¢p mass spectra in the
decay BY — J/w¢¢ are given in the next section.

IV. AMPLITUDES SQUARED AND MASS
SPECTRA IN THE DECAY B° — J/we¢

When calculating the modulus squared of the relevant
amplitude, |M|? = |[M(m?,, m3;, m3;)|*, where the invari-
ant masses squared in Egs. (3.14), (3.17), and (3.18) are
subjected to the constraint

miy +mi; + miy = méQ + mg/w + 2m§5 =% (4.1
one should take into account the approximately nonrela-
tivistic character of the problem and keep only the lowest

powers of the final particle momenta. In this case, the four-
dimensional scalar product of two four-momenta is

- 1/pi p2\?
D1 PR mnmy +§ — -
my ny
2
~ mym, + O (p_2> .
mio
Then one obtains the required expressions for the specific

quantum numbers of the resonance in the ¢¢ state. They
are the following.

(4.2)

PHYSICAL REVIEW D 95, 014005 (2017)

(@) Ry, =07 In this case My is odd while My is even
under the space parity reflection hence they do not

interfere. The modulus squared of the decay amplitude
looks like

2 2 2
B My mi,)

2
M5y

A(m

R 2
MP %3|GS (m2,)]

+ |My|*. (4.3)

(b) Ry, = 07. Here both R and X contributions are even
under parity reflection, hence the interference is non-
zero. The expression for the modulus squared of the
decay amplitude looks like

G5 (m3,) 2

M2~ . xﬂ(még,mg/w,m%z)/l(mfz,mf/),m(z/,)
J/w
2m?
+ My [?+=—2(m?5 —m3;)
myy

R)x* X
xRe{GS" (m3) (G (my)m3

- G(l)zf) (m§3)m23]}.

Note also that the lowest order even parity R
contribution results in the ¢ mesons in P wave, and
by this reason it contains additional factor
M(m3,, mémé) proportional to the momentum
squared of the final ¢ meson.

(c) Ry, =2%. Similar to case (a) above, here R and X
contributions do not interfere because they have
opposite space parity. The modulus squared of the
decay amplitude is

2
Jw?

2
5G\S (m2,))|
3m§/v,

+ [My .

IM|? ~ X Mme,m3 ), mi)

(4.5)
In the above expressions,

|Mx|2 = |Mx|2<m%37m%3)

X X 2
~ 6|G§2)(m%3)m13 - Gﬁz)(mgs)mzs\ (4.6)

stands for the contribution of the intermediate X
resonance with quantum numbers J¥ = 1*. It should
be emphasized once again that only the lowest non-
vanishing powers of the particle momenta are taken
into account in Egs. (4.3), (4.4), (4.5), and (4.6).
The spectra of interest in the decay BY — J/w¢p¢p are
given by the following expressions. The ¢¢ spectrum is

014005-5
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dr _l]/z(még,mg/w,m%z)ﬂl/z(mfz,mfp,mfﬁ)

(27)3 x 64m1392m12

dm12

1
X / |M(m%2, m%3, m%3)|2dx, (4.7)
-1

where the explicit expression for m?, to be inserted into
Eq. (4.7), in the rest frame of the ¢¢ pair, is

2 2 X 2,2 2 2
mi, = — (X —m5,) — A=(msy,, m5, . m
13 2( 1) i, ( B My )

x A2 (miy, my, m3). (4.8)
Here, x is the cosine of the angle between the directions of
one of the ¢ mesons, say ¢, and the J/y meson, in the rest
frame of the ¢p¢ pair. The expression for m3; is obtained
from Eq. (4.8) by inverting the sign of x.

The expression for the J/y¢ mass spectrum is given by
the expression

ar il/z(még’ mé, ma3) A2 (m3s, m%/l,/v mi)
dm23 N (2ﬂ')3 X 64m%om23
1
< [ G it i P (49)
-1
where one should insert
miy = 2(mg + E\E; — [ky| o] x*), (4.10)
with
b még —mg —m3, k| /ll/z(m%?,m(ﬁ,m%g)
! 2m23 ’ = 2m23 ’
mss + my mg/w A2 (m3s, mg, mg/w)
2 = 2 ’ |k2| =
my3 2my3

(4.11)

being the energy and momentum of the ¢ mesons in the rest
reference frame of the J/y ¢ system; x* is the cosine of the
angle between the momenta of the ¢ mesons in this frame.
The direct numerical evaluation shows that the integrations
of Egs. (4.7) and (4.9) over the invariant mass intervals
Eqgs. (2.2) and (2.3), respectively, give coincident results.

V. APPLICATION

Let us apply the theoretical spectra obtained in the
previous section to the description of available data [1].
As it is pointed out in the Introduction, the presentation of
results in terms of masses and coupling constants of
resonances with different channels is more informative
than that in terms of masses and partial widths. In principle,
the model includes 14 free parameters which are mg,

PHYSICAL REVIEW D 95, 014005 (2017)

(R)
9B /wR,» IRi¢d> Ry 9B jwRy» IRapps G12 > MX\> BIpx, >

X R.X
Ix\0/wp> My 9BGX,> 9%\ /we> “Ez)’ where “52 )=

ReH(II;'X) are taken to be constant, as explained earlier in
this paper. However, the experimental ¢¢ and J/w¢ mass
spectra are not normalized so that the magnitudes of
989 /wR,» 9B /wR,» 9Bogx,» and gposy, have no absolute
values. Hence one can obtain only the ratios of all except
one to, say, g ,r,- Here we fix the normalization of the
LHCb data in such a way that for each spectrum, ¢¢ or
J/w, the plotted is the quantity

_ Npin ()
> binstbin (1) A ’

where ny;, (m)Am is proportional to the number of events
in the bin. Correspondingly, we plot the quantities

fexptl(m> (51)

dar
flheor(mt/)(/)) = Ft_o% m (52)
and
dar
Juveor(m7) = Tt m (5.3)
where
mgo—my, dar
Lot = / " ’ d dm(/"/)
2m,, Mypg
mgo=my I’
= : ——dmy .y, (5.4)
/n¢+inj/w dm]/y/¢ s

against the renormalized LHCb data. Notice that ', is
proportional to the BY — J/w¢¢ decay width. As
compared to the notations adopted in Eqgs. (4.7) and (4.9),
here and in the figures one has my, =m;, and
My = M23-

The results of fitting the normalized data [1] are
represented in Table I. When fitting, we first take into

account the real parts of the polarization operators of the
mixing ag) = ReHYze> and ag) = ReH(é) as free parame-
ters. However, the fit chooses zero values of them, and their
inclusion does not result in the lowering of y?, hence they
are set to zero. The corresponding curves are shown in
Figs. 2 and 3 in the case of the scalar resonances R;, = 07,
in Figs. 4 and 5 in the case of the pseudoscalar resonances
R, =07, and in Figs. 6 and 7 in the case of the tensor
resonances R, = 2". Figures 8 and 9 demonstrate the
comparison of the curves obtained in the framework of the
above three models with the LHCb data [1]. In all these
cases, the X resonance in the J/w¢ mass spectrum is
considered to have the quantum numbers J” = 17 [8].
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TABLE L. The resonance parameters found from fitting the data
on the ¢¢ and J /¢ mass spectra of the decay B — J /weep [1].

Parameter/

model R1$2:0+ R1,2:0_ R1‘2:2+
mpg, [GeV]  2.089+0.004  2.088+0.003 2.081+0.001
IR 3.6+0.4GeV —10.54£0.6GeV-! —6.1+0.9GeV
mg, [GeV]  2.191+£0.006  2.209+0.003 2.211+£0.001
I805/wry 1.1£0.2 0.6+0.2 1.5+0.2
9895 /yR,

Iro 21£05GeV  33+0.5GeV-!  3.7£02GeV
my, [GeV] 4.1464+0.004  4.151+0.002 4.1514£0.001
Mo Gy 0.9+0.2 0.8£0.1 15403
980y /yR,

9%, fwi ~1.1402 ~0.740.2 ~0.640.4
my, [GeV]  4.247+0.002  4.248+0.001 4.247+0.001
W Geyy  0.9%02 0.940.2 1.6+0.3
9By /yR,

9%, 020+0.10  0.37+0.15 0.20+0.11
22/ Nt 19/21 16/21 14/21

When fitting experimental data, the so-called back-
ground contribution is sometimes included. Its form is
arbitrary. In the present work we have attempted to include
such background by adding the pointlike amplitude with
the lowest power of momenta. It looks like

12 T T T T T

e LHCb normalized
- F‘1,2(0 +)+X1,2

dr/r, dm [GeV ]

FIG.2. The ¢¢ mass spectrum in the decay BY — J/y¢p¢p in the
model with the R, , resonance quantum numbers J* = 0F (solid
curve). The contributions of the R,, and X,, resonances are
shown with dashed and dotted lines, respectively. LHCb data [1]
are normalized to the unity in accord with Eq. (5.1).

PHYSICAL REVIEW D 95, 014005 (2017)

T T T T T T T
12 ¢ LHCb normalized
| R0,
----- R,.(0")
10
— 8r
>
[
S
fel
£
-0'6
&
=
T 4L
2+
0
| | 1 | |
4.10 4.15 4.20 4.25 4.30 4.35
M, [GeV]
FIG. 3. The J/w¢ mass spectrum in the decay B? — J/wepep

obtained in the model with the R; , resonance quantum numbers
JP = 0". The designations of curves are the same as in Fig. 2.

14 T

. I_IHCt; norlmalilzed I
— R, ,(0)+X, +interf

-1
dl"/l“totdmm [GeV ]

2.05 2.10 2.15

M, [GeV]

2.20 2.25

FIG. 4. The same as in Fig. 2, but in the model with the R ,
resonance quantum numbers J = 0. Also shown (dot-dashed
line) is the contribution of the interference term Eq. (4.4).
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T T T T T T T T 18 . I

e LHCb normalized e LHCDb normalized
— R, ,(0)+X, y+interf

. , 16 F——R,(2)4X,,

T T T T T
16 |-

12 -

-
o

oo

dr/r, dm,  [GeV™]

-2

L 1 L 1 L 1 L 1 L
4.10 4.15 4.20 4.25 4.30 4.35 4.15 4.20 4.05 4.30 4.35
[GeV]

[GeV]

mJ/\yo mJ/w:D

FIG. 5. The same as in Fig. 3 but in the model with the R, FIG. 7. The same as in Fig. 3 but in the model with the R, ,
resonance quantum numbers J” = 07, '

resonance quantum numbers J¥ = 2+,

14 T T T T T T T T T
12 — * LHCb normalized
| - R1,2(0 +)+X1,2
* LHCb normalized B N R..(0)+X
1,2(2 +)'*')(1,2 12 . 12
------------- R,,(27)+X,,

dr/r, dm,, [GeV ]
drr, dm,, [GeV ]

, 205 210 215 220 225
215 220 225 m,, [GeV]
m,, [GeV]

FIG. 8. The comparison of descriptions of the ¢¢ mass
FIG. 6. The same as in Fig. 2, but in the model with the R, , spectrum in the models of the R;, resonances with J* = 0%

resonance quantum numbers J© = 2F. (solid line), 0~ (dashed line), and 27 (dotted line).
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16 T T T T T :I T
» LHCb normalizecf',
14 L ——R,,(09)+X,, i
[ - R,,(0)+X,, E
qo Lo R,,(29)+X, ’~

"
2 IR
!

dr/r,dm,  [GeV]

4.15 4.20 4.25 4.30 4.35

Mo [GeV]

FIG.9. The same as in Fig. 8 but for the J/y¢ mass spectrum.

Mo = Clgﬂuiaeli/welﬂebl(kl — k), + (€7 - €1)(e29)
+ (V- er)(er - q)] + cs[(€7V - e1)(ey - ki)
+ (V- &) (e - k)]

+ey(e k) (e - €2), (5.5)

where the term with ¢; is even under the space reflection
while those with ¢,34 are odd. We try to include this
contribution (upon neglecting the term « c¢; because it
contains additional power of momentum as compared with
the terms o ¢, 34). However, the obtained fitting appears
unsatisfactory. The reason for this, in the present case,
seems to be the fact that, as one may observe in Figs. 27,
the Ry, — ¢p¢ decay process in Fig. 1 serves as the
background for the J/w¢ mass spectrum very much like
the X, , — J/w¢ decay plays the same role in the ¢p¢» mass
spectrum.

VI. DISCUSSION

Using the coupling constants found in fits one can
calculate the central values of the partial decay widths of
the resonances R, — ¢¢ and X, , — J/w¢. They are the

following.
(A) Rl,2 = O+.
FR1—>¢¢ =40 MCV,
FXI_"//W¢ - 21 MCV,

FR2—>¢¢ =22 MCV,
sz—’J/ll/¢ - 9 MeV (61)

PHYSICAL REVIEW D 95, 014005 (2017)
(B) quz = O_.

FRI_>¢¢ =50 MeV, FRZ_’¢¢ =33 MeV,

Uxmipe =9 MeV, Ty e =06MeV. (6.2)
(©) Rip=2".
Ug gy =36 MeV,  T'g 44 =13 MeV;
Uy —yp =7TMeV, Ty _ne=3MeV. (6.3)

The accuracy of the R, , width evaluation is about 50
percent. As for the X;, resonances, their evaluated
widths spread from 7 to 21 MeV in the case of X; and
from 3 to 9 MeV in the case of X,. Such wide intervals
are obtained upon evaluation with the parameters
extracted from the fits with different assumptions
about spin parity of the R;, resonances. In some
sense such a large spread in Iy , can be interpreted as
the model uncertainty so that the X , width evaluation
is valid up to the factor of 3.

One can observe in Figs. 4 and 5 that in the variant of
R, with J¥ = 0~ the contribution of the R — X interfer-
ence term is relatively small. This is natural due to the
different quantum numbers of the R; ; and X , resonances:
in the limit of their vanishing widths they do not interfere
at all.

A few words about spectroscopic identification of the
R, and X, resonances considered in the present work.
The masses of the R, and R, resonances obtained from the
fits fall close to the masses of the 7(2100) and 7(2225)
resonances observed by the BESIII collaboration [7] in the
decay J/yw — y¢¢ but the central values of the calculated
widths are lower than those given in Ref. [7]. We attribute
this to the oversimplified assumption of the single ¢¢
decay mode of the R;, resonance made in the course of
the present work. Also, one should have in mind a rather
large uncertainty of the widths in Ref. [7]. The same refers
to the cases of 0" and 2% with the possible identification
R, = f,(2100) (but without R,), and R = f,(2010) and
R, = £,(2300), respectively.

As for the X; and X, resonances in the J/y¢ channel,
their masses obtained here from the fits fall close to the
masses of the X(4140) and X(4274) resonances cited in
Ref. [8]. The central values of the evaluated widths are also
lower than those given in [8]. However, taking into account
the large model uncertainty up to the factor of 3 of the
evaluated widths, it seems that their values are not in
contradiction with the results of Ref. [8].

The current theoretical interpretations of the X(4140)
and X(4274) resonances as the exotic states [10-12] rely
mainly on the masses and spin-parity assignments. Further
information on their nature could be obtained from
the model predictions for the coupling constants of the
considered resonances to the pertinent final states to be
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compared, in turn, with their magnitudes obtained from the
data fits presented here.

VII. CONCLUSION

In the present work, the attempt is made to describe the
LHCb data [1] on the ¢p¢ and J/w¢ mass spectra of the
decay BY — J/we¢ in the resonance model which takes
into account the R, , resonances with J¥ = 0*,0~, or 2" in
the ¢¢ state and ones X, with J* =17, in the J/y¢
state, irrespective of their nature. Taken into account are the
energy dependence of the partial widths and the mixing
inside each sector arising due to the common decay modes.
Note that the popular parametrizations of the amplitudes
neglect this kind of mixing. However, we believe that the
mixing due to the common decay channels being the
manifestation of the loop contribution should be taken
into account because this effect is dictated by unitarity and
should exist in any effective theory. The near-threshold
kinematics has permitted one to restrict the large number of
independent Lorenz structures by a few, with the lowest
powers of momenta. The data are still not precise enough to
make firm statements about the spectroscopy of the
resonances R;, — ¢¢ and X, — J/y¢. For example,
as compared with the fits shown in Fig. 3, 5, 7, and 9, in
which the peak in the J/w¢ mass spectrum is located at
my e ~4.25 GeV, there are fits with the peak located at
my e & 4.26 GeV, with equally good x? values. The lower
experimental point located between the higher points at the
above masses does not exclude the case of two narrow
resonances while it does not permit one to attribute the
higher points to the different resonances or to the different
shoulders of a single wider resonance. Nevertheless, the
masses of the R; and R, resonances in the ¢¢ mass
spectrum found from the fits are close to the values cited in
the literature [6,7]. The same refers to the resonances X
and X, in the J/w¢ mass spectrum whose extracted masses
are close to the masses of the X(4140) and X(4274)
resonances reported in Refs. [8,9]. More precise data on
the decay BY — J/yw¢¢p when (and if) appeared, together
with the data on the decay B — J/w¢K™ [8,9], could
resolve the issue. The comparison of descriptions in the
models with different spin parity of the R, resonances
presented in Figs. 8 and 9 shows no essential difference,
however, the y? value is lower in the case of J* =2+,
Having in mind the restricted statistics of the LHCb data
[1], the inclusion of the sum of the contributions of the
R, , resonances with all possible spin-parity assignments
JP =07,07,2" seems to be premature.

APPENDIX A: EFFECTIVE LOW MOMENTUM
X - J/w¢ VERTEX

Let us justify the expression (2.5) for effective low
momentum vertex X(17) — J/y(17)¢(17). There are

PHYSICAL REVIEW D 95, 014005 (2017)

three possibilities to get J© = 17 for the X resonance,
(S,L)=(1,0),(1,2), and (2,2), from the final state
quantum numbers of spin S and angular momentum L.
Hence, there should be three independent Lorenz structures
in the effective Lagrangian:

1 J X X) o/
Lot = 5 Ewic [ F, LD/WF 51?;) F + R F ,%>F 51,,) )

+ s F FIVED), (A1)

where F ﬁ{i’ =0, v - 0, V,(,A) stands for the field strength

of the vector field V,(,A) corresponding to the vector meson
A. Doing this in the usual way, one can obtain effective
vertex from the Lagrangian (A1). Neglecting the D waves,
one finds in the X rest frame that

4 2 22
my [Mx — (m3,, — m¢)
MX—>J/1//¢ = 4 m/é:/ (gl + 92)

= g3(my = m3,, —mj)

X (g(X> . [g(l/w) X §(¢)]), (A2)

where m, and €4 are the mass and the rest frame
polarization three-vector of the meson A, respectively.
One can denote the factors in front of the polarization
structure as gy, and use the expression

X) J
MX—»J/y/zﬁ = gX.I/l//gbgyvﬂappel(/ )ei/llfez(;ﬁ)

(A3)
as the effective vertex of the X — J/w¢ decay in the
low momentum approximation adopted throughout the

paper.

APPENDIX B: MIXING OF RESONANCES

Let us make some remarks concerning the above
expressions. As for Egs. (3.2) and (3.5), one can include
more than two mixed resonances and more than one decay
channel [16]. This can be done by generalizing either
Eq. (3.2) or (3.5) to the expression

G:<9b1, 9v2s  9b3> )
D, =M, Iz -\ 7' /914
—II D I
« 12 2 23 924 (Bl)
-3 —Iy D3 .- P3a

for the a — b transition amplitude through the mixed
resonances 1,2,3,...,N where N is the number of
mixed resonances, each with the inverse propagator of
the specific resonance like Eq. (3.3) or (3.6), and with
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polarization ~operator of mixing II; =1II;(m?) =
Re;; + imY_ ,94i94jWiza(m?*), where W,_,(m?*) enters
the partial decay width of the resonance i in the form
Fina(m?) = g Wisa(m?).

|

G(m?) = (mi

2 —m?)ugpr + (M3 — m?) 1,951 + (912972 + 92a971)Rell s

PHYSICAL REVIEW D 95, 014005 (2017)

The particular case is one with two resonances mixed
via the single decay mode whose partial width is
[y5p(m?) = gj, ,W(m?). One can find that Eq. (B1)

reduces to

(B2)

(m% - mz)(m% - mz) - (ReH12)2 - imW(mz)[(m% - mz)giz + (m% - m2)9§1 + 2g519pRell};)] ‘

In fact, it is this form that is used in the present work. One may observe that if Rell;, — O then in the vicinity of m = m;
(m = m,) Eq. (B2) reduces to the simple Breit-Wigner form Eq. (3.1) for the resonance 1 (2).
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