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Charming case of X(3872) and y,,(2P)
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More than twenty years have elapsed since the discovery of y.;(3872) [previously denoted as X (3872)],
and an impressive amount of theoretical and experimental studies has been devoted to its properties, decays
and production mechanisms. Despite the extensive work, a full understanding of the nature of y.;(3872) is
still missing. In the present study we reconsider a theoretical framework based on the heavy quark large
mass limit to analyze the radiative decays of heavy quarkonia, in particular the electric dipole transitions of
xc1(2P) to S-wave charmonia. The results favorably compare to recent measurements for y.(3872),
obtained by the LHCb Collaboration, if this meson is identified with y., (2P).
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I. INTRODUCTION

The 21st century has witnessed the emergence of a new
hadron spectroscopy, in coincidence with a huge number of
newly observed states considered as unconventional, mean-
ing that their properties do not allow to unambiguously
identify them as quark-antiquark mesons or three quark
baryons. This has prompted a number of exotic interpre-
tations for their structure. These include loosely bound
hadronic molecules, compact multiquark states, i.e. tetra-
quarks and pentaquarks, hybrids having valence quarks
plus gluonic degrees of freedom [1], as well as the
possibility that the observed states do not correspond to
resonances but to kinematical singularities in the mass
distributions deriving, for example, from two body thresh-
olds or triangle singularities [2].

Understanding the way quarks bind together to form
hadrons would provide us a deeper insight into the non-
perturbative regime of quantum chromodynamics, which
makes this investigation one of the most fundamental for
particle physics.

Most of the observed problematic states contain heavy
quarks, the majority two heavy quarks. In the case of
mesons this implies that the exotic interpretation competes
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with that of ordinary quarkonium states. For these it is
customary to adopt the spectroscopic classification in terms
of quantum numbers: n>*!'L;, where n is the radial
quantum number, L and J the orbital and total angular
momentum, respectively, s is the spin of the two quarks.
A meson with such quantum numbers has parity
P = (=1)t*! and charge conjugation C = (—1)E+s,

This paper is mostly devoted to the first, most famous of
these quarkoniumlike exotic candidates: the state initially
denoted as X(3872), now named y.;(3872) [3]. It has
been first observed by Belle Collaboration [4] in the decay
B — Kntn~J/w as a narrow peak in the zz~J/y
invariant mass distribution. Since then, other experiments
have confirmed the observation [5—11]. Its quantum num-
bers have been fixed to JP¢ = 1+ [12,13]. Moreover,
isospin partners have not been found allowing to establish
also 19 = 07 [3]. Its narrow width has been determined by
means of studies of the line shape [14,15].

On the basis of the quantum numbers, if one is convinced
that y.,(3872) is an ordinary charmonium state, the most
suitable identification is with y., (2P). However, a few
puzzling features have prompted different interpretations.

The Particle Data Group (PDG) reports the average
value for the mass m(y.(3872)) = 3871.64 £ 0.06 MeV,
which is remarkably close to the D°D* threshold
m(D°) + m(D*°) = 3871.69 £ 0.07 MeV. This feature
has suggested that it could be a loosely bound D°D*0 +
D°D*® molecule [16-19]. The molecular interpretation
seems to be contradicted by the small production cross
section [20,21], compatible instead with the expectations
for the ordinary charmonium [5,22]. Other interpretations
have also been put forward. They include the compact
tetraquark configuration, the mixing between a conven-
tional charmonium and a molecule, the state dynamically
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generated by a coupled channel effect (for a recent
review see [23]).

Another intriguing experimental fact is the measured
Bly.1(3872)=J fyrta2°)
Bl 3872)=J fyx 7)) *
[24-26]. Considering that the two and three pion states
come from p° and @ decays, respectively, one is led to
conclude that isospin is badly violated if y.,(3872) has
I = 0 as for the ordinary charmonium. However, the three
pion state is kinematically strongly suppressed due to phase
space limitations [27], potentially mitigating this argument.
A recent LHCb analysis [28] shows that, even taking
into account this observation, the isospin violation is larger
than in y/(2S) decays [3]. Therefore, this issue remains an
open puzzle.

It has been put forward that an observable sensitive to

the structure of c1(3872) is the ratio R(y.(3872)) =
Blx.1(3872) -y (2S)y
Blx.i (3872)—>J/y/y
ordinary charmonium interpretation predict R > 1, in the
case of exotic configurations smaller values are obtained.
These results have to be contrasted with the most recent
experimental measurement from LHCb Collaboration pro-
viding R = 1.67 £ 0.21 £ 0.12 £ 0.04 [30], which corre-
sponds to the average of the 2024 results of run 1 and run 2
quoted in Table I. Previous experimental results are also
collected in the table.

In order to probe the identification of y. (3872) with
%1 (2P), in this paper we work out the phenomenological
consequences of such an interpretation, deriving predic-
tions for experimentally measured/measurable properties of
X1 (2P) once it is assigned the mass M = 3872 MeV and
the width I" = 1.19 + 0.21 MeV [3]. At the beginning of
our study we stress that, while it is possible that a chosen
interpretation leads to verified predictions despite of being
wrong, the definitive disproval of the identification
X(3872) = y.1(2P) would be the discovery of another
particle with mass in the same range of y.;(3872) and
properties indicating that it is a more suitable candidate to
be identified with y.;(2P). No exotic interpretation could
be validated if the ordinary charmonium spectrum is not
filled with the y.;(2P) state.

ratio

experimentally close to 1

[29] While several studies relying on the

TABLE 1. Experimental results for R(y,.;(3872)).

Collaboration R(x.1(3872))
BABAR 2008 [31] 34+14

Belle 2011 [32] <2.1(90%C.L.)
LHCb 2014 [13] 2.46 £0.64 £0.29
BESIII 2020 [33] <0.59 (90%C.L.)
LHCb 2024 (run 1) 2.50 +0.527039 £ 0.06

LHCb 2024 (run 2)
LHCb 2024 average [30]

1.49 £ 0.237513 +0.03
1.67 £ 0.21 £0.12 £ 0.04

II. HEAVY QUARK SYMMETRIES AT WORK

In this section we adopt an effective Lagrangian
approach exploiting the heavy quark spin symmetry to
study the properties and decays of heavy quarkonia, i.e. the
states Q0.

The physics of hadrons containing one heavy quark
(HQ) can be systematically studied considering the large
heavy quark mass limit, which is formalized in the heavy
quark effective theory (HQET) [34]. In this limit the HQ
can be treated as a static color source and is almost
decoupled from the rest of the hadron resulting in invari-
ance of strong interactions under HQ spin and/or flavor
rotations. To derive the HQET Lagrangian one introduces
the field h,(x) = e™e"*P_ Q(x) where Q is the HQ field in
QCD and v is the HQ velocity. The field h, satisfies
h, =P,Q where P, = 1%” so that the relation holds:
#$h, = h,. The HQ is off shell and its momentum can be
written as p = mgyv + k where k is a residual momentum
of O(Aqcp)- In terms of /1, the HQET Lagrangian reads
Lyger = h,iv - Dh,, D being the QCD covariant deriva-
tive. For N, heavy flavors this is invariant under SU(N)
spin/flavor rotations. Symmetry breaking terms arise
including subleading operators suppressed by powers of
k/mg. At O(1/mg) two operators appear

Js0ap Gaﬂ

L (1
2 h1/’ ( )

1 1 -
(n — _
L 2mQ ( DJ_) v 2 h

they represent the kinetic energy of the heavy quark due to
its residual momentum k., and the chromomagnetic cou-
pling of the heavy quark spin to the gluon field,
respectively.

Heavy quark symmetries have several consequences of
great relevance for phenomenology of systems with a
single heavy quark. Spectroscopic implications for such
systems have been first pointed out in [35].

Here instead we are interested in systems with two heavy
quarks, in particular mesons, i.e. quarkonia consisting in a
heavy quark-antiquark pair. For these systems flavor
symmetry cannot be exploited [36]. The reason is that,
when considering gluon exchanges between two heavy
quarks having the same velocity, infrared divergences show
up. They can be regulated going beyond the leading order
in the heavy quark expansion of the QCD Lagrangian,
specifically including the kinetic energy operator that
breaks flavor symmetry. On the other hand, spin symmetry
holds both for heavy-light systems and for systems with
two heavy quarks.

Due to such a symmetry, hadrons which differ only for
the orientation of the heavy quark spin can be collected in
multiplets, which would be degenerate in the infinite HQ
mass limit. The degeneracy is broken at first by terms of
O(1/mg), in particular by the chromomagnetic operator.
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Considering mesons, in the case of heavy-light configu-
rations each multiplet comprises two states. For such
systems, exploiting the HQ symmetries, the application
of an effective Lagrangian approach to compute the strong
decays to light pseudoscalar and vector mesons has
provided a number of successful predictions [37-43].

JH1--HE 1+/

2

Z QU o i Hig ] i fin] ]
_ (g”[ﬂj _ Dﬂivﬂj)yaHLﬂ_ll Hi-1Hit1 ﬂj 1/4/+1 ML + K/Z] M

L\/2L-1)2L+1) %=

where o* is the heavy quark four-velocity and the trans-
versality condition v, J#-#1 =0, i = 1...L holds. Hy, K,
are the effective fields of the various members of the
multiplets with total spin J = A. Since we are mainly
interested in S— and P—wave states, i.e. those corresponding
to L =0, 1 as in Tables II and III, we list the multiplets
obtained from (2),
(1) L =1 multiplet:

1
JH = —; ’f{Hﬂa +ﬁ€”aﬁy’l]ayﬁH1},

—7.

+\/L§(}’”—U’J)H0+K175} 7’ 3)

(i) L = 0 multiplet:

1—|—;tf 1-¢

‘] 2 [H}lly/l HOVS] 2

(4)

In the following we consider the application of the HQ
symmetries to radiative decays of quarkonia. The purposes
are manifold. Exploiting the available experimental data we

TABLE II. Properties of c¢¢c mesons [3]. In this work we
identify the last three states with those in the 2P multiplet.
State JPe Mass (MeV) I MeV)
17.(18) 0+ 2984.1 £ 0.4 30.54+0.5
J/w 1= 3096.900 + 0.006  (92.6 4 1.7) x 1073
Yeo(1P) o+t 3414.71 £0.30 10.5+0.8
Yei1(1P) 1+t 3510.67 £ 0.05 0.88 + 0.05

Y (1P) 2+ 3556.17 £ 0.07 2.00 +£0.11
h.(1P) 17 352537+ 0.14 0.78 £537 £0.12
17.(28) 0+ 3637.7+0.9 11.8+ 1.6
w(2S) 1= 3686.097 +0.010 (286 £ 16) x 1073
Xe0(3860)  0FF 3862420110 201134188
xc1(3872) 1+t 3871.64 £+ 0.06 1.19 +0.21
12(3930)  2*F 39225+ 1.0 352422

For quarkonia it is possible to rotate not only the spin of
one HQ but also the spin of the heavy antiquark. As a result,
one can organize the heavy quarkonia in multiplets popu-
lated by a number of states which depends on the orbital
angular momentum. A multiplet of QQ states with relative
orbital angular momentum L is described by

1 2L-1¢
_ Hi---HLO ap Hi-HitBiv1---HL _ P i Hi---HictHig1---HL
) <HL1“ e \/ﬁzeﬂ R A 1;W RS

)5t ©)
I

derive a number of universal parameters entering in the
description of such decays in the HQ limit. At the same time,
we check the reliability of the HQ spin symmetry. Consid-
ering radiative decays of y.(2P), assigning to this particle
the properties of y.;(3872), i.e. the mass and full width, we
discuss whether experimental data can support the identi-
fication y.; (3872) = y.(2P). Several predictions for modes
not yet observed are also provided, they would serve as a
further test of the approach once more data will be available.
Moreover, taking into account the first symmetry breaking
terms responsible for the mass splittings among the members
of the multiplets, we compute the parameters determining
such terms, finding relations among them.

Let us conclude this section with two remarks. First, the
multiplet in Eq. (2), as well as the analogous multiplets
constructed for other values of the orbital angular momen-
tum L, is constructed applying the heavy quark symmetries
both to Q and Q. One might wonder if this expression could
also describe a cryptoexotic meson, i.e. a tetraquark with
nonexotic quantum numbers. Since the multiplet (2) is an
SU(3) singlet, a case that could be considered would be a
tetraquark with light degrees of freedom in isoscalar scalar

TABLE III. Properties of bb mesons [3].

State JPe Mass (MeV) I MeV)
ny(1S)  0™* 9398.7+2.0 1oj

T(1S) 177 9460.404+0.09 £0.04 (54.02 +1.25) x 1073
Zpo(1P) 0T 9859.44 4+ 0.42 £+ 0.31

xp1(1P) 17 989278 +0.26 + 0.31

Yp(1P) 27t 9912.21 £0.26 £+ 0.31

h,(1P) 17~ 9899.3 + 0.8

m(25) 07" 99990+ 3528 <24

Y(2S5) 17— 10023.4 0.5 (31.98 £2.63) x 1073
x0(2P) 0t 10232.5+04+0.5

2, (2P) 17T 10255.46 +£0.22 +0.50

Zn(2P) 27 10268.65 + 0.22 + 0.50

h,(2P) 17~ 10259.8+0.5 £ 1.1

074014-3



COLANGELO, DE FAZIO, and ROSELLI

PHYS. REV. D 111, 074014 (2025)

configuration, decoupled from the heavy quark complex.
However, the effective description of multiquark mesons
comprising pairs of heavy and light quarks deals with a
difficult multiscale problem, requiring dedicated studies. As
for the electromagnetic processes, in general the e.m.
interaction Lagrangian, discussed in the next section, should
also be extended to describe to photon coupled to the light
degrees of freedom, which is a long-distance process.

The second remark concerns a comparison of the
approach we have followed and nonrelativistic QCD
(NRQCD). A difference is that the effective theory we
are using, see the currents (2), involves hadrons appearing
in effective interaction Lagrangians constructed using the
heavy quark symmetries. On the other hand, in NRQCD
one works out effective operators obtained from the heavy
quark expansion of the QCD Lagrangian, which must be
considered in matrix elements of external hadron states.

III. RADIATIVE DECAYS OF HEAVY
QUARKONIA

Let us start describing the radiative decays among
members of the P-wave and of the S—wave multiplets.
Since in such processes the orbital angular momentum of
the decaying and produced quarkonia differ for AL =1,
these are electric dipole transitions. The effective
Lagrangian governing the decays has been derived in [44]
in the approximation of assuming that quarks exchange soft
gluons. It reads

Lypoms = 8y " Tr[J(mS)J,(nP)|v, F* +H.c. (5)

F* is the electromagnetic field strength tensor and 6’3’ mS is
a constant. It can be checked that the Lagrangian (5) is
invariant under the discrete parity P, charge conjugation C
and time reversal 7 transformations,

g L0, (6)
g S (=1)LHI - w]TC (7)
Jﬂl..#L_T)_TJﬂlmﬂLT—l’ (8)

where C = iy?y” and T = iy'y>. Moreover, the Lagrangian
in (5) is invariant under HQ spin transformations,

SU(2)s,
JHp 5" G JHLHL §TF (9)

In (9) we have S and §'€SU(2)5,, SU(2)s, being the
group of heavy quark spin rotations, with the relations
[S. /1 =187/ =0.

As a consequence of spin symmetry, the constant 6’5’ ms
in (5) describes all transitions among the members of the
nP multiplet and those of the mS one. In terms of this

parameter the following decay widths are obtained
from (5) [44,45],

nPmsS\2
(5Q ) k3 MSI

C(n’P; —» m3Sy) = el vae (10)
(5anS>2 MP

C(m3S, — Pyy) = (20 + 1) 2" =1L (11

() = P = (0 )R ()
(5anS)2 MS

C(n'Py - m!'Syy) = ——k —> (12

éanS 2 M

r(mlSo - ”1P17> = wkiM—P‘, (13)

So

where k, denotes the photon energy.

An analogous Lagrangian can be written for the decays
between the doublets nS — mS with AL = 0, the magnetic
dipole transitions,

Lysoms = 65" Tr[J(mS)o,,J(nS)|F* + He.  (14)

The widths of the corresponding radiative transitions are
given by

nSmsS\2
4(5Q ) i3 Mso (15)

F(n3S1 = mISOy) = T yMS .
1

The Lagrangian (14) is also invariant under P, C, and T.
However, it violates the spin symmetry because of the
presence of 6, [46]. Nevertheless, interesting information
can be obtained from it.

IV. MASS SPLITTINGS WITHIN THE
MULTIPLETS

Degeneracy among the members of a given spin multi-
plet is broken by the action of the chromomagnetic operator
in (1). In the effective Lagrangian approach this can be
represented by the expression,

A1

ﬁSpSB _ _T
ZmQ./\/ !

[‘7;4] ...ﬂna{lﬂ‘]l/] ...vnq)ﬂl - HaP ...yn} ’ (16)

where the superscript stays for spin symmetry breaking,
and N = Tr[J,, , JW-#] takes into account the normali-
zation of the states. The structure of the function @ is such
that the previous term is invariant under the discrete
symmetries P, C, T; the antisymmetry of o, must also
be taken into account. Finally, none of the indices of ®
can be carried by the velocity v in view of the trans-
versality condition. In the case of S—wave states, the only
expression is

Ag 1 -
SpSB S a
Esp = %NTr[JU(l/}JU ﬁ] (17)
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that represents the hyperfine splitting due to spin-
spin interaction. The S—wave doublet consists of two
mesons with spin, parity and charge conjugation
JP€ = (0=*,177); their masses obey the expansion [at
order O(1/myg)]1,

—A +dyAg

mH:mQ+/_\5+ 2mQ

(18)

The parameter A; is related to the heavy quark kinetic
energy and does not break spin symmetry. The spin
splitting is instead due to the factor dj that multiplies Ag,
which is different for the two states in the doublet. It can
be fixed using the trace formalism in Eq. (17), so that it is
possible to relate Ag to the observed mass splitting,

(my —m3p). (19)

In the case of P-wave states one can write

s
mQ./\/

ESpSB [J aa/}'] (Da/};w] (20)

The function ®%* satisfying the previous requirements
can be written as
Ap@ = J0Te(T 6,050,067

+ A (Te[T%6,4JP] + Tr[J%6,T7))

+ A (Te[T 0450 6] + T[] 0 TPoys)).  (21)
The P-—wave multiplet comprises the states with

JPC = (0, 1F,2%+,177). In analogy to (18) one can
write the masses according to

Ca gD 2,0, 46,0
my = m+Ap+ 1+HP+HP+HP' (22)

Adopting the procedure described in the previous case
one finds

1
1
2
AP = 54 (~2md = 3m} 4 5m3)
@_ L, 5, 20
Ap —24( 2mg + 3my — m3), (23)

where my, m;, m,, and m;,, denote the masses of the four
states in the multiplet with JPC = 0++ 17+ 2++ 1+,
respectively.

V. NUMERICAL RESULTS: MASS SPLITTINGS
PARAMETERS

We exploit the measured masses of the heavy quarkonia
to determine the parameters /lg), with i = 1,2,3, in (23).
This can be done for the 1P multiplet in the case of charm
and for 1P and 2P multiplets in the case of beauty. In the
2P charm multiplet the mass of h.(2P) is missing,
preventing us to apply the procedure as for the other
multiplets. We find

1

AN, = (2.8240.02) x 1072 GeV?

A%, = (1224 £0.02) x 1072 GeV?

A%, = (420 +0.02) x 1072 GeV? (24)

A, = (275 £0.25) x 107 GeV?

A, = (13.540.2) x 102 GeV?

A = (3.940.2) x 1072 GeV? (25)
Ayap = (2.0 £0.4) x 1072 GeV?

(1)
b2

Ay = (9.6 +£0.3) x 1072 GeV?
(3)
b2

Ahp = (2.8 £0.2) x 1072 GeV2. (26)

VI. NUMERICAL RESULTS:
RADIATIVE DECAYS

The effective Lagrangian approach, based on the
HQ limit and exploited to study the radiative heavy
quarkonium decays, has been used already in [45] predict-
ing R(y.(3872)) = 1.64 +0.25, compatible with the
experimental data available at that time R(y.(3872)) =
34414 [31] (first entry in Table I). In view of the
improvement of the experimental data and, in particular,
the recent results on the radiative decays of y.(3872), we
consider mandatory to refine the theoretical prediction
including all the new experimental information.

We start considering the decays of the charm P-wave
multiplet with n =1, i.e. the states y.(1P),y.(1P),
Xe2(1P),h.(1P), to the doublet of S—wave states with
n=1:n.(1S),J/w. All these states have been experimen-
tally observed and their masses and total decay widths are
measured [3]. Possible radiative transitions are y.; — J/yy,
with J/ =0,1,2, and h,. — n.y. The transitions y.; — 5.y
and h. — J/yy are forbidden by charge conjugation
invariance. Exploiting the four measured radiative branch-
ing fractions (quoted in Table IV) it is possible to determine
the coupling §''S comparing them to Eq. (10), and to
verify if they fulfill the HQ spin symmetry prediction. We
obtain the results shown in Fig. 1. In the HQ limit the value

074014-5
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TABLE IV. Radiative branching ratios of c¢ mesons [3].

Branching ratio

(141 £0.14)%
(1.41 +0.09)%
(343 +1.3)%
(19.5 +0.8)%

Decay mode

J/w = . (1S)

Xeo(1P) = yJ )y
Xe(1P) = yJ )y
Xe2(1P) = yJ /y

he(1P) = yn (1) (60 + 4)%
ne(28) = rJ/y <1.4%
w(2S) = yn.(1S) (3.6 +0.5) x 1073
w(28) = yn.(25) (7+5)x 10~
w(2S) = yxeo(1P) (9.77 £0.23)%
w(28) = yxa(1P) (9.75 +0.27)%
w(25) = rxe2(1P) (9.36 + 0.23)%
X1 (3872) = yJ/y (7.8 42.9) x 1073

of §"P™S should be the same in all the four cases, a very well
satisfied prediction. The average value corresponds to

S1P1S = 0.232 +0.05 GeV~". (27)

The same procedure can be carried out for the transitions
from the 2S multiplet to the 1P one. Specifically,
we consider the transitions w(2S) — y.;(1P)y and
7.(2S) = h.(1P)y. No experimental data are available
for the branching fraction of the latter process, so that
we use the first three modes to check the goodness of the
HQ spin symmetry in these transitions and to determine
the coupling 625'7. Then, we use the result to predict
B(n.(2S) — h.(1P)y). Figure 2 shows that in this case a
deviation from the HQ limit is driven by the datum on the
mode y(2S) = y.»(1P)y. Averaging the results we obtain

— Xo(1P)> y(1S)y
— Xa(P)> y(1S)y

— xa(P)- ydS)y

1T

he(1P)- 7.(1S)y

0.15 0.20 0.25 0.30

sLPIS

—— average

FIG. 1. Coupling 5!P'S obtained comparing the theoretical
predictions for the modes listed in the legenda to the available
experimental data. The average value is also displayed.

—e

— o — Y28)- xu(P)y

= Y28)> xa(1P)y

Y(28)~ xa2(IP)y

0.18 0.20 0.22 0.24 0.26 0.28 0.30

§251P

——— average

FIG. 2. Coupling 525'7 obtained comparing the theoretical
predictions for the modes listed in the legenda to the available
experimental data. The average value is also displayed.

6251 = 0.238 £0.012 GeV~. (28)
This allows us to predict
B(n.(2S) = h.(1P)y) = (0.20 £ 0.03)%.  (29)

Let us now consider radiative transitions of the states in
the multiplet (y.o(2P),xc1(2P),x2(2P), h.(2P)). If one
identifies y.;(3872) with ., (2P), the only available datum
is the branching ratio B(y.(3872) — J/wy) quoted in
Table IV. Using this result we determine

82P1S = 0.018 4 0.004 GeV~!. (30)
Using this value the prediction follows
B(y.(2P) = J/wy) = (3.1 £ 1.5) x 107*.  (31)

This reflects our working hypothesis of identifying
Xc1(3872) with y.,(2P): the measurement of this observ-
able as predicted in Eq. (31) would support such an
identification. A prediction could be worked out in the
case of decaying y.o(2P), but the large experimental error
on the full width of this particle would make the result of
limited use.

In the beauty sector the analogous predictions are
limited by the incomplete knowledge of the full width of
several bottomonia states. Therefore, we can quote
our results modulo the total width of the decaying particle.
Considering the transitions from the multiplet [y, (1P),

)(bl(lp),)(bz(lp),hb(lp)] to the doublet [77;,(15) T(lS)]
we define &}7"S(P,) = % where P, generically

denotes one of the states in the nP multiplet. We find

5P (o (1P)) = (1.79 £ 0.12) GeV /2

5P (4,1 (1P)) = (6.77 £ 0.19) GeV—/2

BIPIS (4, (1P)) = (4.54 £ 0.13) GeV—3/2
BYFIS(hy(1P)) = (6.7 £0.4) GeV™2.  (32)

The same procedure can be applied to the radiative
transitions of the states (yp0(2P),x51(2P), xp2(2P),
hy(2P)) to the two doublets (17, (1S), T(15)) and (1,(2S),
T(2S)), giving
P15 (y,0(2P)) = (0.31 £0.07) GeV~3/2
521 (4,1 (2P)) = (1.51 £ 0.08) GeV—>/2
1S (412(2P)) = (1.20 £ 0.07) GeV—>/2
»(2P)) =

P15 (h,(2P)) = (2.01 £ 0.23) GeV—3/2 (33)

and
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2 (y,0(2P)) = (3.9 4 0.4) GeV~3/2

52725 (1 (2P)) = (12.0 £ 0.6) GeV—3/2

5225 (4,,(2P)) = (7.8 £ 0.5) GeV~3/2

55 (hy(2P)) = (165 £2.2) GeV™>2. (34)

Defining

2P2S
5Q

R(SQ = 52QP15 (35)

2P23<Ph)

SZPZS P
and noticing that »m et

(Py) SZ,P‘S(Pb)
on the full width cancels out, we are able to predict

since the dependence

R} (rp0(2P)) = 13 £ 4

Ry (rp1(2P)) =8 £ 1

R (x,n(2P)) =7+ 1

R (hy(2P)) = 8 £ 2. (36)

In parenthesis we have indicated the decaying particle
whose radiative transitions are used to determine the value
of R‘Z. Averaging these results we obtain

RS =9.0+0.7. (37)

We have stressed that for heavy quarkonia the heavy quark
flavor symmetry is not applicable. On general grounds one
expects that violations of HQ symmetries can be quantified
by a suppression factor proportional to the inverse powers
of the heavy quark mass. Therefore, while we expect
5ubnS £ spPmS it is reasonable to assume that the param-
eters 5 obey the scaling rule 5, =~ 1/m, so that R ~ R?.
This allows us to derive several predictions from the
result (37).
In terms of the ratio R one has

By (3872) = w(2S)y)
B(x1(3872) = J/wry)
= (PS)[R2(x.1(3872))]%, (38)

where the constant (PS) is only due to the different phase
space in the two modes.

We have stated in the Introduction that the measurement
of R(x.1(3872)) is of primary interest, since the various
interpretations for this state predict different values for the
ratio that should be compared to the updated experimental
determination by the LHCb Collaboration [30]. Adopting
the scaling rule stated above we predict

R(xe1(3872)) = 1.74£0.3. (39)

This result on one hand confirms the prediction in [45], on
the other hand shows a very good agreement with the
LHCb measurement [30] (last entry in Table I),

R(7e1(3872))1mcy = 1.67 £0.21 £0.12+0.04.  (40)

Using the result (39) together with the experimental datum
for B(y.1(3872) — J/yy) we obtain

By (3872) = w(2S)y) = (9.0 £3.4) x 1073, (41)

The same ratio can be predicted for the other states in the
2P multiplet, with the result

R(reo(2P)) = 1.5+02 (42)
R(xe2(2P)) = 2.9 +0.4. (43)

Let us stress that these predictions are correlated, they stem
from the assumption that the various particles are indeed
the charmonia populating the 2P multiplet. They represent
a test of the charmonium option for y,(3872).

We complete the predictions derived from Lagrangian (5)
considering the decays of the beauty states in the 25 doublet
to the ones in the 1P multiplet. Experimental data for the
branching ratios of such processes can be found in Table V.
Comparing them with Eq. (11) we find the results in
Table VI. The average value of the coupling corresponds to

1P = (9.6 £0.3) x 1072 GeV~1. (44)
From this result we predict the branching ratio
B(n,(2S) — h,(1P)y). for which no data are available,

B(n,(2S) — hy(1P)y) = (2.85£0.2) x 1076, (45)

TABLE V. Radiative branching ratios of bb mesons [3].

Decay mode

Xp0(1P) = yY(1S)
Xp1(1P) = yY(1S)
X (1P) = yY(1S)

Branching ratio

(1.94 +0.27)%
(352 +£2.0)%
(18.0 + 1.0)%

hy(1P) — 7y (1S) (5215)%

T(2S) = n,(18)y (55504 x 107

T(25) = 740 (1P (3.8 4+ 0.4)%

Y(2S) = 7y (1P (6.9 +0.4)%

Y(2S) = 7y (1P (7.15 4+ 0.35)%
1S

(3.8+£1.7) x 1073

) ( (1.38 £ 0.30)%
Xp1(2P) = yY(1S (9.9 4+ 1.0)%
X1 (2P) = Y28 (18.1+1.9)%
X2(2P) = yY (1S (6.6 +0.8)%
X2(2P) = yY(28 (89+12)%
hy(2P) = yn, (15) (22+5)%
hy(2P) — yn,(25) (48 +13)%
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TABLE VI. Results for the coupling §75'7.

Decay mode

T(25) = xpo(1P)y
Y(2S) = xpi (1P)y
Y(28) = xp(1P)y

251P
6b

(9.0 +0.6) x 1072 GeV~!
(1.00 £ 0.05) x 107" GeV~!
(9.7 +0.4) x 1072 GeV~!

Average
(9.6 +£0.3) x 1072 GeV~!

We now consider the transitions governed by the
Lagrangian (14). Comparing the data in Tables IV and V
to the result in (15) we can compute the couplings 575"
and &75mS. We obtain

(i) from the decay J/w — n.(1S)y:

SIS1S = (4.8540.3) x 1072 GeV™!;  (46)
(i) from the decay w(2S) — 1.(18)y:

62515 = (3.42 £0.26) x 1073 GeV™';  (47)
(iii) from the decay w(2S) — n.(2S)y:

52525 = (0.66 £0.24) x 107! GeV~!; (48)
(iv) from the decay Y(25) — n,(1S)y:

6315 = (4.50 £0.05) x 107 GeV~!.  (49)

We have already observed that the Lagrangian (14) breaks
spin symmetry. Following our previous argument, we
expect that the couplings 6 scale as 1/m,. However, when
comparing the results in the beauty and charm case, the
flavor breaking should also be taken into account, so
that we guess the scaling for the ratios §55/5pSmS~
(m./my)?.  Therefore, we expect —&pSmS/5iSmS ~
(8PmS /5uPmS)2 We can test this expectation using our
outcome for the 25 — 1P and 2S5 — 1S transitions. We find

5%)SIP 2 5}275‘13
(5251,,) / <5251S> = 1.25+0.2. (50)

The result supports our assumption about the scaling of the
parameters § and, consequently, the hypothesis R) = RS
that has led to the prediction (39).

VII. COMPARISON WITH OTHER APPROACHES
AND CONCLUSIONS

The discriminating power of the result for the ratio
R(x.1(3872)) has first been put forward in [29]. In

multiquark scenarios, both in the compact tetraquark and
in the molecular cases, light quarks are part of the structure
of y.1(3872), which implies that other mechanisms are
possible for radiative transitions with respect to the
case in which only a c¢c¢ component is present. In the
molecular scenario, radiative decays could originate from
vector meson dominance mechanism or from light quark
annihilation, generally producing results R (y.;(3872)) <1
[47-52]. In a potential model framework [52], modifying
the extension of the wave functions of the involved hadrons
in the molecular and in the compact tetraquark case
produces R(y.(3872)) ~O(1) for the compact tetra-
quark.1 The possibility of a mixing between exotic and
ordinary charmonium components has been considered
in the framework of the Born-Oppenheimer effective
field theory, finding that the charmonium component is
essential to reproduce the measured value of the ratio
R(x.1(3872)) [54].

In the conventional charmonium interpretation, various
results have been obtained in different variants of the
potential models, that are largely dependent on the details
of the model, in particular on the wave functions of the
charmonia involved in the decays [55-61].

In contrast to such approaches, the present study has
been carried out in an effective Lagrangian framework that
exploits the heavy quark spin symmetry arising in QCD in
the large heavy quark mass limit; hence it is model
independent to a large extent. Moreover, there are no
adjustable parameters. In this framework we have worked
out the consequences of the identification of y. (3872)
with y.(2P). The result for the ratio R(y.(3872))
confirms the outcome obtained in [45] and favorably
compares with the latest experimental determination.
This demonstrates the reliability of the method, since it
is stable against small variations of the input experimental
values. It should be stressed that the agreement of our result
with data has improved with respect to the 2008 analysis,
since the recent LHCb measurement is closer to our
prediction than the BABAR Collaboration result available
at that time.

We have worked out other predictions involving the
states in the 2P cc fourplet that will be compared to data
when available. The whole pattern of predictions will serve
as an indirect support to the identification of ., (3872) with
one of the members of that multiplet.

Other issues related to y.;(3872) need to be answered
before reaching a consensus on its identification with
Xc1(2P). However, if the answers would not be convincing
and the identification would not be accepted, a question
would remain: where is y.;(2P)?

'A recent refinement of the analysis
R(r.1(3872)) = 1.4 £ 0.3 [53].

in [52] gives
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