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We propose studying the structure of the χc1ð3872Þ axial vector meson through its γ�Lγ → χc1ð3872Þ
transition form factor. We derive a light-front wave function representation of the form factor for the lowest
cc̄ Fock state. We found that the reduced width of the state is well within the current experimental bound
recently published by the Belle Collaboration. This strongly suggests a crucial role of the cc̄ Fock-state in
the photon-induced production. Our results for the Q2 dependence can be tested by future single-tagged
eþe− experiments, giving further insight into the short-distance structure of this meson.
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I. INTRODUCTION

Starting from the discovery of the χc1ð3872Þ state by the
Belle Collaboration [1], recent years have seen a surge of
discoveries of new hadronic states [2–4]. The microscopic
structure of χc1ð3872Þ state is still under intense debate in
the literature [5,6]. While its quantum numbers JPC ¼ 1þþ
imply a possible χc1ð2PÞ charmonium [7], its mass appears
to be close to the D0D̄�0 threshold, suggesting a picture
based on a very weakly bound meson molecule [8] (for a
review, see, e.g., Ref. [9] and references therein). The latter
option also gives a natural explanation of the strong isospin
violation in its decays. However, such a violation can also
be accommodated in the structure of couplings to cc̄
and meson-meson channels [10–14], e.g., via mixing of
molecular and compact states studied in Ref. [15]. For a
discussion of another possible nature of χc1ð3872Þ as a
compact tetraquark, see Refs. [16,17].
There is an open question as to what extent production

mechanisms of χc1ð3872Þ can shed light on its internal
structure. The inclusive χc1ð3872Þ production cross section
has been recently measured at the LHC as a function of its
transverse momentum [18–20]. A striking similarity with

the production rate of ψð2SÞ points to the importance of
a compact component in the wave function. Indeed, the
measured transverse momentum distributions are well
described, assuming a large cc̄ component [21]. Studying
χc1ð3872Þ production in a cleaner environment than hadronic
collisions would provide new opportunities to understand
its structure better.
In this paper, we work under the basic assumption of a cc̄

2P state and suggest probing the cc̄ component through the
production of χc1ð3872Þ in the (virtual) photon-photon
channel in single-tagged eþe− collisions. A first attempt to
perform such a measurement has been made by the Belle
Collaboration providing a bound on the reduced width [22].
A recent result of Ref. [23] found the reduced width
significantly overshooting the Belle bound, hence conclud-
ing that the cc̄ component is not relevant for the structure of
χc1ð3872Þ as probed by photons. This represents a con-
troversywith recent studies in hadronic reactions [21], where
the cc̄ component almost explains experimental data.

II. TRANSITION FORM FACTOR

Because of the Landau-Yang theorem, at least one off-
shell photon is required for χc1 production in the photon-
photon fusion channel. Here, we study the corresponding
form factor for one longitudinal and one transverse photon
representing the amplitude of a longitudinal photon to an
axial cc̄meson transition in an external electromagnetic field
approaching the forward amplitude. For this purpose, we
utilize the light-front (LF) approach to transition form factors
in the Drell-Yan frame [24]. Here, the longitudinal photon
with spacelike virtuality Q2

1 ≡ −q21 carries 4-momentum
q1 ¼ ðq1þ; q1−; 0⊥Þ, with q1− ¼ −Q2

1=ð2q1þÞ and polari-
zation vector εL ¼ 1=Q1ðq1þ;−q1−; 0⊥Þ, while the
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plus-momentum of the second photon vanishes qþ2 ¼ 0,
such that q2 ¼ ð0; q2−; q2Þ. In the real photon limit,
Q2

2 ≡ −q22 ¼ q22 → 0; i.e., when its transverse momentum
q2 → 0, the transition amplitude vanishes linearly with q2,
enabling us to extract the relevant form factor. Indeed, in the
considered frame, the LF plus component of the electro-
magnetic current is free from parton number changing and
instantaneous fermion exchange contributions [25] and can
be written in terms of the lowest cc̄ Fock-state LF wave
functions (LFWFs) (from now on, we define Q2 ≡Q2

1):

hχc1ðλAÞjJþð0Þjγ�LðQ2Þi

¼ 2q1þ
ffiffiffiffiffiffi

Nc

p

Z

dzd2k
zð1 − zÞ16π3

×
X

λ;λ̄

ΨðλAÞ�
λλ̄

ðz; kÞðq2 ·∇kÞΨγL
λλ̄
ðz; k; Q2Þ: ð1Þ

Above, the summation over the (anti)quark color indices has
been performed,Nc ¼ 3 is the number of colors inQCD, and
we introduced the LF helicity λA ¼ �1, 0 of the axial meson

χc1, as well as cc̄ → χc1 and γ�L → cc̄ LFWFs, ΨðλAÞ�
λλ̄

and
ΨγL

λλ̄
, respectively. The integration is over the internal LF

momenta of quark (c) and antiquark ðc̄Þ, namely, the LF
momentum fraction z ¼ kcþ=q1þ of the c-quark and
its transverse momentum k as illustrated in Fig. 1. The
(anti)quark coupling to the external field conserves the LF
helicities λ; λ̄ of the quark and antiquark, whose�1=2 values
are denoted by ↑ and ↓, respectively. Furthermore, it is
instructive to utilize the general covariant parametrization of
the γ�γ� → χc1 amplitude of Ref. [26], which is similar to the
one found in Ref. [27] and is based on γ�γ� c.m. frame
helicity amplitudes.We notice that only one term contributes
to the transition amplitude of interest in the limit Q2

2 → 0,

εμLn
−νMμνρE�ρ → 4παemG̃νρnν−E�ρ FLTðQ2; 0Þ

q1 · q2
; ð2Þ

whereαem ¼ e2=4π is the fine structure constant,E ¼ EðλAÞ
is the polarizationvector of the axial meson, n− ¼ ð0; 1; 0⊥Þ,
and G̃νρ ≡ ενραβqα1q

β
2. We choose the LF spin projection

λA ¼ þ1 and obtain

hχc1ðþ1ÞjJþð0Þjγ�LðQ2Þi ¼ 2q1þ
q2x − iq2y

ffiffiffi

2
p

×

ffiffiffiffiffiffiffiffiffiffiffiffi

4παem
p

FLTðQ2; 0Þ
Q2 þM2

χ
; ð3Þ

in termsof the considered χc1mesonmassMχ ¼ ð3871.65�
0.06Þ MeV [28] and the photon-meson transition form factor
FLTðQ2; 0Þ. Combining this expression with Eq. (1) and
using the well-known expression for the perturbative LF
wave function of the longitudinal photon’s cc̄ component
(see, e.g., Ref. [29]),

ΨγL
λλ̄
ðz; k; Q2Þ ¼ eec

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

zð1 − zÞ
p 2zð1 − zÞQ

k2 þ ε2
δλ;−λ̄; ð4Þ

with ϵ2 ¼ m2
c þ zð1 − zÞQ2 and charm (anti)quark massmc

andwhere the electric charge of the charmquark is ec ¼ 2=3,
one arrives at the LFWF representation of the transition form
factor:

fLTðQ2Þ
Q2 þM2

χ
¼ −2

ffiffiffiffiffiffiffiffi

2Nc

p

ec

Z

dzd2k
16π3

kx þ iky
½k2 þ ϵ2�2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

zð1 − zÞ
p

×

�

Ψðþ1Þ�
↑↓ ðz; kÞ þΨðþ1Þ�

↓↑ ðz; kÞ
�

:

ð5Þ

The dimensionless transition from factor fLTðQ2Þ≡
FLTðQ2; 0Þ=Q takes a finite value in the limit Q2 → 0.
The representation of Eq. (5) can also be derived from more
general expressions for the transition form factors for two
spacelike virtual photons found earlier in Ref. [26].
A brief comment on the considered LFWFs is in order. In

our analysis, we adopt two different approaches. The first
one is based on cc̄ radial wave functions in the cc̄-pair rest
frame obtained by solving the Schrödinger equation for a
variety of phenomenologically viable potential models.
Then, one appropriately transforms both the resulting radial
wave functions [30] and their spin-orbital components [31]
in order to describe the boosted meson states in the Drell-
Yan frame. For further details of this procedure, an over-
view of the potential models, and related theoretical
uncertainties, see Refs. [32,33,26] for photoproduction
of vector and axial mesons, respectively. In the considered
case of the first radial excitation of the χc1 meson—the 2P
state—the relevant combination of LFWFs takes the form

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

zð1 − zÞ
p

�

Ψðþ1Þ�
↑↓ ðz; kÞ þ Ψðþ1Þ�

↓↑ ðz; kÞ
�

¼ ðkx − ikyÞ
ffiffiffi

3

2

r

π
ffiffiffiffiffiffiffiffi

Mcc̄
p
2

u2PðkÞ
k2

; ð6Þ

where u2PðkÞ is the radial wave function in the cc̄-pair rest
frame found for a given interquark interaction potential as a

FIG. 1. An illustration of the meson production mechanism in
photon-photon fusion in the light-cone dipole picture, with
relevant ingredients and kinematics.
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function of the relative c and c̄ 3-momentum, k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
cc̄ − 4m2

c

p

=2 [26], with M2
cc̄ ¼ ðk2 þm2

cÞ=zð1 − zÞ.
The second approach is based on the basis light front
quantization (BLFQ) of Refs. [23,34,35], where the
LFWFs are obtained without referring to nonrelativistic
cc̄ interaction potentials and factorization of radial and
spin-orbit components applicable only in the cc̄-pair rest
frame. Instead, one formulates an LF-Hamiltonian problem

Heff jχc; λA; Pþ;Pi ¼ M2jχc; λA; Pþ;Pi; ð7Þ

where the effective Hamiltonian used in Refs. [34,35]
contains a term motivated by a “soft-wall” confinement
from LF holography as well as a longitudinal confinement
potential supplemented by one gluon exchange including
the full spin structure. The LFWFs from the Fock state
decomposition

jχc; λA; Pþ;Pi

¼
X

λλ̄

Z

dzd2k
zð1 − zÞ16π3 ψ

ðλAÞ
λλ̄

ðz; kÞ

×
δij
ffiffiffiffiffiffi

Nc
p jciðz; kþ zPÞc̄jð1 − z;−kþ ð1 − zÞPÞi ð8Þ

are then obtained by discretizing the Hamiltonian and
evaluating it on a finite basis. In our calculations, we have
used the LFWFs from numerical results of Ref. [35]
published in Ref. [36].

III. NUMERICAL RESULTS

In Fig. 2, we show our results for the dimensionless
transition from factor fLTðQ2Þ≡ FLTðQ2; 0Þ=Q over a
broad range of Q2. We see considerable dependence on
the potential model at Q2 ≲ 15 GeV2. Here, the BLFQ
approach stands out from the nonrelativistic potential
approach. It exhibits a much weaker dependence on Q2.
We trace that partially to the broader distribution in LF
momentum fraction z exhibited by the BLFQ wave
function. The blue band in Fig. 2 was obtained in a similar
manner as in Ref. [34]. For selected Q2 values, we
calculated fLTðQ2Þ for different values of the number of
basis functions Nbasis. Then, fLTðQ2Þ was obtained by
extrapolating fLTðQ2; NbasisÞ for 1=Nbasis → 0 by fitting
polynomials of different order to points for different Nbasis.
The error band reflects the spread due to the order of the
extrapolating polynomial. The precision of reduced width
Γ̃γγ is better than 2%.
Now, let us remind the reader of the definition of the so-

called reduced γγ decay width of χc1 given in the limit of
the vanishing projectile photon virtuality [37]:

Γ̃γγ ¼ lim
Q2→0

M2
χ

Q2
ΓLT
γ�γ� ðQ2; 0;M2

χÞ ¼
πα2emMχ

3
f2LTð0Þ: ð9Þ

Hence, a measurement of the reduced width provides
direct access to the dimensionless transition form factor in
the limit Q2 → 0. We summarize our results for fLTð0Þ
and the reduced width in Table I. We observe a consid-
erable spread between the results for different potential
models. Here, the Cornell potential gives the smallest
value of the reduced width, roughly a factor of 5 smaller
than the value obtained for the harmonic oscillator
potential. Notice that the quark mass substantially
influences the normalization of the form factor fLTð0Þ.
The BLFQ WF gives the largest result among the
considered approaches. However, it is almost a factor
of 6 smaller than the result obtained by Li et al. [23] using
the same wave functions. These authors, though, do not
use the plus-component of the current and derive a
different representation of the transition form factor.
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FIG. 2. The dimensionless γ�Lγ → χc1ð2PÞ transition form
factor fLTðQ2Þ found in Eq. (5).

TABLE I. The reduced width of the χc1ð2PÞ state for several
models of the charmonium wave functions with specific c-quark
mass.

cc̄ potential mc (GeV) fLTð0Þ Γ̃γγ (keV)

Harmonic oscillator 1.4 0.041 0.36
Power law 1.334 0.033 0.24
Buchmüller-Tye 1.48 0.029 0.18
Logarithmic 1.5 0.025 0.14
Cornell 1.84 0.018 0.07
BLFQ [36] 1.6 0.044 0.42
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The Belle Collaboration has reported the first evidence
for the production of χc1ð3872Þ in single-tagged eþe−
collisions [22]. From three measured events, they provided
a range for its reduced width, 0.02 keV < Γ̃γγ < 0.5 keV.
This result has recently been updated by Achasov et al. [38]
using a corrected value for the branching ratio
Brðχc1ð3872Þ → πþπ−J=ψÞ [28] and reads

0.024 keV < Γ̃γγðχc1ð3872ÞÞ < 0.615 keV: ð10Þ

Using nonrelativistic quark model relations, Achasov et al.
[38] provided the following estimate:

Γ̃γγðχc1ð3872ÞÞ ≈ 0.35 keV ÷ 0.93 keV: ð11Þ

Even with the large dependence on the cc̄ potential, all our
results, including the BLFQ approach, lie well within the
experimentally allowed range. Therefore, γγ data do not
exclude the cc̄ option, although there is certainly some
room for a contribution from an additional meson-meson
component. Regarding the molecular scenario, no esti-
mates for the reduced width in the molecular scenario are
available.

IV. SUMMARY AND OUTLOOK

In this work, we concentrated on the lowest cc̄ Fock state
consistent with the quantum numbers of the axial vector
χc1ð3872Þ. There are many indications that meson-meson
components in the wave function may also be necessary to
understand the decay properties of χc1ð3872Þ. The tran-
sition amplitude of Eq. (1) can be understood as a transition
dipole moment,

hχc1ðλAÞjJþð0Þjγ�LðQ2Þi ∝ iq2 · hχc1ðλAÞjrjγ�LðQ2Þi: ð12Þ

Evidently, the electric dipoles which enter this transition
are controlled by the photon LFWF to have sizes
r ∼ 1=ϵ ∼ ðm2

c þQ2=4Þ−1=2 ≲ 0.15 fm. This is much
smaller than the expected size of a molecular component,
whose wave function extends up to distances of around
10 fm, so no significant overlap with our cc̄ Fock state is
expected. Direct calculations for the molecular scenario are
not available yet. Here, the neutral D; D̄� mesons interact
through their (transition) magnetic moments. One expects a
much faster falloff at large Q2 for these large-size objects.
Future precise measurements in single-tagged eþe− colli-
sions can therefore offer valuable new insight into the
structure of this hadron and confirm or rule out an essential
role of the cc̄ component. One may also explore the
Primakoff production in the field of a heavy nucleus in
high-energy electron-nucleus collisions at the future elec-
tron-ion collider. Complementary information can be
obtained also for timelike Bc → χc1ð3872Þ form factors;
see Ref. [39].
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