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We investigate E1 radiative transitions within charmonium in a relativistic approach based on light-front
QCD. In quantum field theory, two sets of processes are pure El: y.c = J/yy (W = y.or) and h. — 5.y
(1. = h.y), both involving the P-wave charmonia. We compute the E1 radiative decay widths as well as the
corresponding transition form factors of various processes including those involving 2P states. These
observables provide an access to the microscopic structures of the P-wave charmonium. We show that our
parameter-free predictions are in excellent agreement with the experimental measurements as well as lattice

simulations whenever available.
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Introduction. The discoveries of charmoniumlike states,
e.g., xc1(3872) and y.0(3915), have sparked renewed
interests in the charmonium structure [1-3]. The proximity
of their masses to the DD threshold leads to the speculation
that at least some of them may be meson molecules [4]. On
the other hand, their quantum numbers are consistent with
conventional c¢ quark model and their masses are also in
the vicinity of the 2P charmonia in various quark model
predictions [5]. Furthermore, decay patterns from the quark
models can encapsulate various coupled channel effects
[6-19]. In any case, the investigation of the microscopic
structures of charmonium offers new insights into the
nature of the strong force, which, after 50 years of
QCD, remains one of the biggest puzzles in physics [20].

The radiative transitions provide a clean probe with
variable resolutions to the microscopic composition of the
system [21-32]. Furthermore, these transitions are sensitive
to relativistic effects, which underlines some recent dis-
crepancies between Nonrelativisitic QCD (NRQCD) and
the experimental measurements [33-36]. For example, the
two-photon decay width in NRQCD converges poorly and
deviates from the experimental measurements up to 7¢ in
next-to-next-to-leading order (NNLO) [35]. A possible
explanation is that charmonium is an intrinsically relativ-
istic system. And the relativistic effects are stronger for the
excited states. Therefore, a systematic investigation of the
radiative transitions for both the ground-state P-wave
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charmonia and their excitations is required to obtain a
complete picture of these charmoniumlike states [33,37,38].

In our previous works, parameter-free predictions are
made for the two-photon widths [38] and the M1 widths
[39], as well as the associated transition form factors
(TFFs). Our results are based on light-front wave functions
(LFWFs [40,41]) from basis light-front quantization
(BLFQ [42]). This approach is a natural framework to
tackle hadrons as relativistic many-body bound states in the
nonperturbative regime [43]. For the application to char-
monium, two parameters, the charm quark mass . and the
basis scale x, were fit to the charmonium mass spectrum
[43] (see also Fig. 1). Then the obtained LFWFs are used to
make parameter-free predictions to hadronic observables,
e.g., decay constants [43], as well as partonic observables,
e.g., parton distribution functions [44-48]. All of these
results were shown to be in reasonable agreement with the
experimental measurements whenever available. We note
that rotational symmetry is not explicit in the BLFQ
approach but can be calibrated by calculating observables
that should be simply related under rotational symmetry
operations. Examples of such calibrations within BLFQ
have been investigated in terms of mass eigenvalues and
radiative transitions in Refs. [39,43].

We focus here on the E1 transitions (Fig. 1) between P-
wave scalar charmonia y,., (0™") and vector charmonia y
(177), as well as between P-wave axial vector 4. (177) and
pseudoscalars 7, (0~T), which are relevant for unraveling
the relativistic structure of P-wave charmonium. We
assume the states are pure cc s. Therefore, any significant
deviation from the experimental measurements implies a
deviation from the conventional c¢ picture.

The E1 transition has a similar helicity structure
scalar-vector-vector with the scalar meson two-photon
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FIG. 1. Schematic view of the pure El transitions (yellow
arrows) within charmonium. Other radiative transitions, e.g., M1,
M2, and E2, are not shown. The masses obtained in BLFQ along
with similar relativistic approaches (Covariant spectator theory
(CST) [49] and Dyson-Schwinger equations (DSE)/Bethe-
Salpeter equations (BSE) [50]) are shown for comparison (see
Sec. 5.4 of Ref. [20] and therein). Figure is adapted from Ref. [20].

transition [38]. Since the structures of the photon and vector
charmonia are well established, these two processes can be
used to constrain the structure of the scalar charmonia at
different scales. Figure 2 combines the E1 widths I's_,y, (or
I'y_s,) and the two-photon width I'y_,,, for scalar char-
monia y.(1P) and y.(2P), as obtained in BLFQ [38].
Processes for 1P scalar y., have been measured by several
experiments and compiled by PDG [51]. Our results are in
good agreement with the PDG values, which provide a
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FIG. 2. The BLFQ prediction of scalar charmonium radiative
widths I'y_,,, and I's_,y, as compared with the PDG values [51].
The red curve with a band is the Belle measurement of the
product T'(R = y'y)T(R = yy)/T o = 9-8(3.6)(1.3) eV, where
R is identified as y.(3915) or y.,(3930) [52]. We take the
Npax = 8 BLFQ LFWFs to extract the result, and use the
difference between it and the N,,, = 16 result to indicate basis
sensitivity; see also in the text.

basis for making predictions for the 2P state y.,.
Experimentally, the only available E1 data come from
Belle for y.((3915), a prime candidate for the 2P scalar.
Last year, Belle collaboration discovered a resonance
with the mass 3.922 GeV, which can be identified as
Xc0(3915) or x.,(3930). Belle also measured the product
I'(R - w'y)I(R = yy)/Tiow = 9-8(3.6)(1.3) eV, which
is shown as a red curve with a band in Fig. 2 [52]. Our
predicted E1 and diphoton widths are consistent with this
result.

Formalism. The E1 amplitude of a scalar meson § decaying
into a vector meson V plus a (virtual) photon is described
by the hadronic matrix element (HME),

H; 7 (¢%) = eQ.€; (a)(V(p". M)/, (0)IS(p)). (1)

where J,,(x) is the current operator, Q. = 2/3 is the charge

number, e = \/4ra,,, is the electron charge, g = p’ — p is
the four-momentum of the photon, and ef{y(q) is the

polarization vector of the photon. Following Ref. [53],
we parametrize the HME in terms of its Lorentz structures,

(V(p", )17#(0)IS(p))

= EA(0%)| & (¢) = g o (P (p ) = M)
MyCi(Q)
igalgn Y
<[(p-p)(p+ Py = M3p" — M3 p']. (2)

where Q° = —¢%, and Q(Q%) = (p - p')* — MEM3,. ¢ (p)
is the polarization vector of the vector meson. The form
factors Ey and C, defined here can be extracted from the
transverse and longitudinal amplitudes, respectively, viz.,

H, i1y =eQ.E (0%,
H, oy =—€Q.Ci(Q?). (3)

In particular, the E1 radiative decay width is proportional to
E1(0)],
o Q%aem M12 B M%
S 2ji+ 1 2M}

E1(0)P. (4)

Here, j;, M; are the initial state spin and mass, respectively,
and M; is the final state mass. The vector meson decaying
into a scalar plus a photon can be similarly expressed. The
Lorentz structures of the HME between pseudoscalar 0~
and the C-odd axial vector 17~ are identical to Eq. (2).
Though in principle, the transition form factors defined
in Egs. (1) and (2) are Lorentz invariant, in practical
calculations using valence LFWFs, Lorentz symmetry
can be broken since choosing a different current component
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FIG. 3. Leading order diagrams of the El radiative transition
S>>V

can lead to a different result—e.g., some choices are more
sensitive to small components of the LFWFs which are
themselves more sensitive to basis space truncation as
observed in M1 transitions [39]. In a nonrelativistic quark
model, the El transition is induced by the -electric
dipole interaction. The corresponding electric charge den-
sity on the light front is J* = J° + J3, where we adopt the
light front coordinates v* = (v, v™, 7, ) with v* =043
and 7, = (v!,v?). J* is also known as the “good current”
in light-front dynamics as it is not contaminated by
the spurious Lorentz-symmetry violating contributions
[54-56]. We further adopt the Drell-Yan frame g™ =
which simplifies the expression dramatically [54,56]. The
relevant diagrams for the E1 process are shown in Fig. 3.
The nonperturbative structures of the initial- and final-state
mesons are encoded in the LFWFs,

d°k,
g k
bn(P, jm ;/ 2x(1—x /(2) ss/h(x J_)
¥ T o=
XWZ%(p)dﬁ(pnox s)
where x = p™/P" is the longitudinal momentum frac-

tion of the quark, and k L =pD, - xP | is the relative
transverse momentum of the quark. The momenta of the
quark and the antiquark are p* = (xP™, k | +xP 1), p' =
(1 =x)P*, =k, + (1 —=x)P,). Here, i = 1,2,...N, is the
color index and N, = 3. The LFWF I//E?/’})l (x, k 1) is frame
independent and only depends on the relative motion of the
quark and antiquark. In principle, there are contributions
from higher Fock sectors [57-59], which we neglect in the
current work. As mentioned, we adopt the approximation

that charmonium is pure cc.
Using the LFWFs, the TFF El can be represented as

o dx /koJ_ (A=0)x, 7
£@) =45 [ 3y | G (M (e )

M —M}+ Q% i), =
MO )
X yrgs(x ki + (1 =x)G1), (6)
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FIG. 4. Comparison of the El decay widths from this work
(BLFQ) and from the experimental measurements [60—72] includ-
ing the PDG values [51]. The lattice QCD results [53,74-78] are
also shown for comparison. See explanation of the basis sensitivity
in the caption of Fig. 2 and in the text. (a) y. — J/w +7.
(b) y(25) = xeo+7. © w(3770) > o+ (d) he = n.(18) +7.
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FIG. 5. Comparison of the El radiative transition form factors from this work (BLFQ) and from several lattice simulations

[53,74,75,78]. See explanation of the basis sensitivity in the caption of Fig. 2 and in the text. (a) y.o = J/w + 7. ®) w(2S) =y + 7-
(© w(3770) = xeo + 7. (d) xo(2P) = J/y + 7. (@) xeo(2P) = w(2S) +v. () xeo(2P) = w(3770) + 7. () he(1P) = n.(1S) + 7.

() 7.(2S) = h (1P) +y.

where 0% = —¢? = ¢, and we have adopted argg, =0
for simplicity. The coupling constant E;(0) is associated
with dipole transition between the transversely polarized
vector meson and the scalar meson:

M2 — M? Idx :
B0 =" [P0 [ tin)

~ (A=+1)* - ~ =
XWES/J) (0 7 ) Wgsys(x,71),

(7)
in which (x,7) is the transverse-coordinate-space
LFWE. This expression resembles the nonrelativistic
expression of the El transition. The TFF can also be

extracted from the spatial current J 1 [38,39]. Since the E1
transition is induced by the electric dipole, we adopt the

charge density operator J*, which has a smooth non-
relativistic limit as shown by Eq. (7).

Numerical results. The El1 widths associated with the
ground-state scalar y., i.e., I') 7y Dy2s)-y. and
[(3770)=y,,» @nd with the C-odd axial vector A, ie.,
U~y 18y> Tyo(25)~n.y» have been measured by several
experiments [60—72] and compiled by PDG [51]. Some
of the most recent measurements come from the CLEO
and BES III collaborations. We compare our results'
with the experimental data as well as the PDG values in
Figs. 4(a)-4(d). Lattice QCD results [53,74-78] are also

'The values of the decay widths are provided in the Supple-
mental Material [73] of this paper.
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compared in the same plots. Overall, our parameter-free
results are in excellent agreement with the experimental
data. Following our previous analyses for dilepton and
diphoton and radiative transitions [38,39,43], we use
the N..« =8 BLFQ LFWFs, whose UV scale Ayy =
K\/Npnax = 2.8 GeV matches the charmonium scale. We
estimate the basis sensitivity as the difference between the
Npax = 8 and N, = 16 results.

The TFF E, (Q?) provides further resolution of the system.
Alas, the TFFs of these processes are not currently available
from the experiments. We thus compare our BLFQ results
with recent lattice simulations [53,74,75,78]. Figure 5(a)
compares the TFFs of the transition between y., and J/y
as predicted by BLFQ and several lattice calculations
[74,75,78]. Given the scattering of the lattice data from
different groups, our BLFQ prediction is in reasonable
agreement with these results, in particular at low Q. Our
approach also provides access to moderately high Q?, where
the lattice simulations suffer from low statistics.

Similarly, Figs. 5(b) and 5(c) show the E1 TFFs of the
processes  w(2S) = y.o+y and w(3770) = y.0 +7,
respectively. In nonrelativistic pictures, radiative transitions
involving radially or angularly excited states, e.g., y(2S)
and y(1D), are sensitive to the shape of the mesons wave
function, e.g., the locations of the nodes. Our BLFQ
predictions are again in good agreement with the lattice
results [74], albeit the statistics of latter is limited at Q
above 1 GeV. Figures 5(d)-5(f) show the E1 TFFs of
20(3915) to the low-lying vector mesons, assuming that
2c0(3915) is the 2P c¢ state. These predictions may serve
as a benchmark for future investigation of y.(3915).

The transitions involving the C-odd axial vector &, are
shown in Figs. 5(g) and 5(h). The TFF of the process . —
n.(18) 4y is computed by Refs. [53,75] in lattice. Our
results are in good agreement with Ref. [53] while deviat-
ing from [75]. Note that our E1 width of this process is in
better agreement with the experimental data [68—72].

Summary and outlook. In this work, we investigate the
El radiative transitions within the charmonium system
using the basis light-front quantization approach. We
derived the light-front wave function representation of
the decay width as well as the transition form factors in
the |¢g) Fock space. The wave functions adopted in this
work come from fitting to the charmonium spectrum.
Therefore, we are able to make parameter-free predictions
for the E1 transitions. The results, including the widths and

the form factors, are in excellent agreement with the
experimental measurements as well as lattice simulations
whenever available.

We also compute the E1 widths and the corresponding
transition form factors of y.4(3915) by treating it as the 2P
cc state. The obtained results are consistent with the recent
measurement from Belle [52]. Further experimental mea-
surements are required to discern the nature of this particle.

We note similar successes in describing the charmonium
structures, viz., M1 transitions [39], two-photon transitions
[38] as well as the decay constants [43] using the same set
of light front wave functions. These applications provide
confidence that the intrinsic structure of charmonium is
accurately described by these BLFQ wave functions and
lend support to the adopted phenomenological form of
confinement [79]. We envision that further applications of
the charmonium LFWFs will help to resolve the non-
perturbative dynamics of the strong interaction in high-
energy processes, such as the gluon distributions, gener-
alized parton distributions, hadronic anomalous energy,
etc., which are among the central goals of the forthcoming
electron-ion colliders [80-90].

We also note the limitations of the model. We assume all
charmonia are cc states, which is helpful to discern
mesons’ c¢c nature. However, higher Fock sector contribu-
tions must be incorporated to get a complete description of
states, especially those above the open-charm threshold
[57-59]. Another important issue is the choice of the
current components beyond the traditional “good” current
J*t, e.g., the transverse current [39]. The difference in
quantities caused by different currents can be used to gauge
the rotational symmetry violation, contributing to the
overall model uncertainty. We will carry out those inves-
tigations in future works.
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