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Abstract. We investigate the M1 radiative transitions between light vector V and
pseudoscalar P mesons in the 1S and 2S states in the light-front quark model. To this
end, we use the light-front wave functions (LEFWFs) obtained from the QCD-motivated
effective Hamiltonian that includes smeared spin-spin interactions, where a few harmonic
oscillator basis functions were employed as trial wave functions. The results, including
their couplings and widths, obtained from LFWFs with different trial wave functions are
compared with the available experimental data and other theoretical predictions.

1 Introduction

Light mesons such as pion (7), rho (p), and kaon (K), play a central role in understanding the non-
perturbative regime of Quantum Chromodynamics (QCD). As the lightest quark-antiquark bound states,
they provide crucial insights into chiral symmetry breaking, quark confinement, and hadronic structure,
serving both as theoretical benchmarks and essential ingredients in the hadronic physics phenomenology.
To extend our knowledge on phenomenological side of light mesons, we need a phenomenological model to
describe the behavior within the meson, i.e., the quark-gluon interaction governed by QCD. Additionally,
one may scrutinize the meson spectroscopy, since they provide key information about the properties of
mesons.

To understand light mesons, it is important to study their properties, such as mass spectra, decay
constants, and transitions, as they provide insight into the meson’s inner structure, especially the light
ones. In this work, we focus specifically on the M1 radiative transition from the light vector (p, K*) to
pseudoscalar (7, K) meson or V — P+, as it is a simple yet powerful tool for probing the internal structure
via the electromagnetic interaction. Several approaches have been developed to study radiative transitions
in light mesons, including the impulse approximation [1], effective mass scheme [2], extended bag model [3],
relativistic potential model [4], light-front quark model (LFQM) [5], among other phenomenological
models. In addition, lattice QCD [6] has been used for studying the electromagnetic transition by
providing tighter constraints on theoretical models. Furthermore, several radiative decay channels of
ground state light mesons have been observed and listed by the Particle Data Group (PDG) [7], indicating
the need for more reliable phenomenological models to explain and predict for yet-unmeasured channels.

Following the successful computation of the M1 radiative transition of heavy quarkonia in the
LFQM [8, 9] based on light-front dynamics (LFD), we aim to extend our work to light mesons. LFD
has distinguished features, including a rational energy-momentum relation and seven time-independent
kinematic quantities that reflect full Poincaré symmetries. Some efforts have been made based on LFD to
investigate the electromagnetic transition in light mesons, including the LFQM [5, 10] and the light-front
holographic approach [11]. This work extends previous studies [12, 13], which focused on the mass spectra
and decay constants. The model parameters used in the present analysis are adopted from those studies.
Just like in our previous works [8, 9], we extend them to include the excited states.
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2 Model Description
In this section, we present the theoretical framework used to describe the meson structure and compute
the M1 radiative transitions, based on the LEQM [14].

2.1 Light-Front Quark Model
The meson system at rest is described as a bound system of effectively dressed valence quark and anti-
quark, satisfying the eigenvalue equation of the QCD-motivated effective Hamiltonian,

qu |‘I’qr7> = Mq@ |\Iqu> ) (1)

where M,z and ¥,5 are the mass eigenvalue and eigenfunction of the gg meson state, respectively. We
take the Hamiltonian Hyq in the quark-antiquark center-of-mass frame as Hyq = Ho + Vg where Hy =

mg + k2 + \/ m% + k2 is the kinetic energy part of the quark and antiquark with three-momentum k.

The effective inter-quark potential includes a confinement term and two one-gluon exchange terms: the
color Coulomb and hyperfine interactions. The obtained eigenfunction will be an input for the LFWF.
The LFWF can be expressed as

Uil =Wl (2 k1) = Oz, k)R, (2, k1), (2)

where ®(x, k) ) represents the radial wave function and R/{(IJZ/\G(:C,I:: 1) is the spin-orbit wave function
obtained through the Melosh transformation. The spin-orbit wave functions Ri;}f\q satisfy the unitary

condition, i.e., <Ri;]§\q Rij§q> = 1. The LEFWF is defined in terms of Lorentz-invariant internal vari-

ables: x; = pf /P, k1; = pi; — ;p., and the light-front helicity \;. Here, P* = (PT, P~ p,) denotes
the four-momentum of the meson and p* refers to the four-momentum of the i-th (i=1,2) constituent
quark, where we define @ = x; with k; = k1. Then, the three-momentum k = (k,, k) can be written
as k = (z, k) through the relation

1 m2 —m?
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where the boost-invariant meson mass squared is given by

k2 +m2 k2 +m2
M(?: - ot ll o (4)
x -z

Therefore, the variable transformation {k,,k,} — {z,k, } accompanies the Jacobian factor,

Ok Mo (m - mi)ﬂ
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which arises from the change of integration variables.

For radial wave functions, we compare two different scenarios. First, we employ the two lowest
Harmonic Oscillator (HO) basis functions, denoted by ®(z, k) = ¢H(x, k). The HO basis functions
are explicitly given by

1 L2 2
(ﬁllif:?(k) = 7T3/4/83/2€ k /2ﬁ b (6)
HO _ (2k2 — 352) —k2/282
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and the corresponding light-front form is given by

e, k1) = VTP D=9 (), 0
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with 8 being a variational parameter inversely proportional to the range of the wave function determined
from the mass spectroscopic analysis. It should be noted that the wave functions ¢ g include the Jacobian
factor 9k, /0x so that the HO bases ¢,s satisfy the following normalization condition

[ ) 1. Q

In the second scenario, we expand the basis as a linear combination of the 1.5 and 2S5 HO bases [10].
This can be written in a matrix form as

P15\ [ cosf sind Ifso (10
Pos) — \—sinf cosf) \ g9 )

In principle, a more accurate basis expansion can be carried out. However, in this work, we employ
only a few basis functions to investigate the effect of the expansion, given that the HO wave function is
commonly used in LEWFs.

2.2 M1 Radiative Transition

In this work, we focus on this M1 radiative transition of light mesons and follow the model description
presented in Ref. [§8]. In the LFQM, the Feynman diagram for the V(P) — P(V)~y process is shown in
Fig. 1. For the M1 transition of the vector meson V — P+, the transition form factor Fy,p(Q?) is defined
as

(P(P")| I8 (0) [V(P, ) = iee"" e,q, P Fyp (Q%), (11)

where the antisymmetric tensor #¥?7 assures electromagnetic gauge invariance, and ¢ = P — P’ is the
four-momentum of the virtual photon.

’

—P2

Figure 1: The Feynman diagrams for the M1 radiative transitions V(P) — P(V)y, where the photon
couples to either the quark or antiquark, which are added coherently when computing the decay width.

The matrix element J/' = (P(P’)| J£, |[V(P, h)) can be expressed in terms of the convolution formula
of the initial and final LFWF's as

dz dzku_ 00t ¢ uy (P1) _ua(p) i
N/ _Z / (z, k1) )\Z}\;R,\/A z,k\) NG g NG Ryx(z, kL), (12)

where €J is the electric charge for j-th quark flavor e.(e;) = 2/3(1/3). Note that the invariant mass in
the final state becomes

m§+kf+m§+kf

Mj(z, k') = 13
o(z, k') - 11— 2 (13)
By matching the left- and right-hand sides of Eq. (11), the form factor can be extracted from
ju
Fyp(Q?) = gflﬁ’ (14)
h
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with G}’ = ie*"??¢,q,P5. The form factor can be separated into two contributions

FVP(Q2) = eql}lj(m(I7mtij2) 76q7];:(m!jvman2)a (15)
which represents a process where the photon couples to the quark and antiquark, respectively, as illus-
trated in Fig. 1. The one-loop integral I! is given by

= / dor A’k ®(z, k' )P(z, k) "
202m)° AT K2\ AR KE VY

(h), (16)

where A = 2mg + (1 — 2)m, and the operators are given by

k2
Ofp, (£1) =2(1 — z) (A+ i), (17)

Do

R(L) _ A Qki
Ovp (0) = YA (A + D ) (18)
The partial decay width for the V — P~ transition is then computed as
o
r _ em 2 k3 1

(V — P’Y) (QJV + 1)gVP'y v ( 9)

where gypy = Fyp,(Q* = 0) and aen, = 1/137 is the EM fine-structure constant and

_ (M - MR)
k’Y - 2MV (20)

is the kinematically allowed three-momentum k., = |k, | of the outgoing real photon.

3 Result and Discussion

Before computing the M1 radiative transitions, we briefly discuss the model parameters adopted from
Ref. [12], in which two scenarios (§ = 0° and 10°) were considered to analyze the predicted mass spectra,
decay constants, and distribution amplitudes of the m and p mesons using variational analysis. As shown
in Table 1, we adopt only the parameters obtained with the smeared spin-spin interaction, rather than
the contact interaction, as the former provides more reasonable results for the mass spectra and decay
constants of excited mesons when compared with experimental data. Since the K* and K mesons are
also included in our analysis, we use the strange quark mass mg and the g parameter values for the kaon
from Ref. [13].

Table 1: Model parameters in the unit of GeV, adopted from Refs. [12, 13].
0 My ms B Bp Bx B
0° 0.18 0.34 0.614 0.318 0.511 0.352
10° 0.18 0.34 0.537 0.276 0.466 0.306

To compute the coupling constant gyp~, we set Q% = 0 in Eq. (15), and the results are presented
in Table 2. In this calculation, we consider two different current components, namely the plus (+)
and transverse (L) currents, and confirm that both components yield the same values for light mesons,
consistent with Ref. [8]. We provide the coupling constants for two different scenarios (with different
values of #). It is evident that increasing 6 generally decreases the value of gyp~, except for the transition
p(25) — m(25)y, where the value increases moderately. Note that we also include the neutral kaon for
the ground state in the coupling and width because the availibility of experimental data as well as other
theoretical models. A similar trend is observed in K (25) — K(2S5)y and K(25) — K(15)7, although
in the latter case, the coupling constant gx«(25)- K (15)y 1S negative, indicating a destructive interaction
in this hindered kaon transition. Compared to the extended bag model (EBM) [3] and the relativistic
potential model (RPM) [4], our results are moderately lower in the p(1S) — 7%(15)y, but are in the
good agreement in the K*(15) — K(15)7, either in neutral or charge ones. This can be attributed not
only to differences in model parameters but also to the wave functions employed: the EBM and RPM use
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Figure 2: Transition form factors of light mesons in the V(n.S) — P(n’S)+~ process, where the blue and
red solid lines represent the allowed transitions (n’ = n) and the green solid line represents the hindered
transition (n’ # n). The left panel shows the results for the p meson, while the right panel corresponds
to the charged kaon.

basis functions derived from the free Dirac equation, where the radial wave functions are characterized
by Bessel functions, particularly in the S wave. Interestingly, the value of g,15)—r(15),y extracted from
lattice QCD [6] is 0.607 GeV !, obtained by dividing the lattice result by the pion mass m, = 0.135 GeV
to match our definition. Overall, our results for ground state kaon show better agreement with other
theoretical models than those for rho mesons.

Figure 2 shows the transition form factor for the p and K mesons. It is evident that the p*(25) —
7+ (285)y transition (red solid line) drops more steeply than the p*(25) — 7+ (1S)y transition (green
solid line), tending toward negative values as Q? increases. Compared to the those for heavy quarkonia,
9p(28)—r(25)y approaches zero at Q? = 2 GeV?, whereas gy (25)—y.(25)y (shown in Fig. 7 of Ref. [8])
vanishes at around Q% = 5 GeV2. The differences in the form factors between light and heavy mesons
arise mainly from the quark masses and the § parameters, which characterize the size of the wave function.
Moreover, in allowed transitions, the initial and final states overlap, while in hindered transitions, the two
states are orthogonal. Because of this, the hindered transition p* — 7% yields a coupling constant with
a positive sign, unlike the kaon and heavy mesons, which produce a negative sign, as shown in Ref. [8].
This behavior is partly due to the large difference in the value of 8 parameters for p and m mesons. This
demonstrates the sensitivity of the hindered transition to the meson LEWFs.

Table 2: Coupling constants gyp, [GeV~!] and partial decay width I' [KeV] in the present LFQM
compared with results from other models: EBM [3], and RPM [4].

Transition | go—o  go—10c [ 4] | Teoo To—ie [3]  [4]
pE(1S) — 7F(19)y | 0.540  0.522  0.720 0.694 | 36.85 34.44 76 68.12
pt(29) — 7£(29)y | 0.159  0.239 e ... 10233 0.525
pE(28) — 7F(18)y | 0.095  0.065 . ... | 8430 3878 ... ...
K*(1S) — K*(19)y | 0.841  0.823  0.905 0.882 | 49.8  47.7 68  63.2
K*(18) — K°(1S)y | —1.198 —1.177 —1.20 1.23 | 101 974 134 1234
K*(28) — K*(2S)y | 0.504  0.693 . .. 10172 0.326
K*(2S) — K*(1S)y | —0.087 —0.111 ... coo | 440 7.082

After obtaining gyp~, we also calculate the corresponding partial decay widths, which are summarized
in Table 2. We find that the decay width for the M1 radiative transition between the ground states is
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suppressed when 6 = 10° is applied. In contrast, for the p(2S) — 7(1S)y and K(2S) — K(2S)y transi-
tions, the decay widths increase when 6 = 10° is used. Additionally, we observe that I';(15)-x(15), and
I'k(15)— Kk (15) are significantly larger than those of the other transitions, mainly due to the substantial
mass difference between the vector and pseudoscalar mesons, which enhances the photon phase space
factor k in Eq. (20). According to the PDG, the extracted decay widths for the p and K* ground-state
transitions are 69.28 keV and 50.37 keV (neutral channel), respectively, while the charged channel has a
decay width of 116 keV for K*(15) — K*(15)~. In general, these experimental values are slightly larger
than our predicted results. A similar trend is observed in results from the EBM and the RPM, likely due
to differences in the model parameters. Likewise, the decay width extracted from lattice QCD [6] for the
p(1S) — w(1S),~ transition is 84.2 keV, also exceeding our result.

When comparing with another LFQM study with a single Gaussian Ansatz [14], where both HO
and linear potential models were used, they obtained 76 keV (HO) and 69 keV (linear) for the p — my
transition, and 79.5 keV (HO) and 71.4 keV (linear) for the K* — K~ transition—again, all higher than
our predictions. The reason our predicted values are smaller than both experimental data and other
theoretical models is that the model parameters we adopted from Ref. [12] are smaller in magnitude,
which leads to greater discrepancies in certain transitions.

Overall, we observe that some physical quantities in our results differ from those predicted by other
theoretical models. This discrepancy may arise from differences in model assumptions, parameter choices,
and treatment of interactions. In the case of light mesons such as the p and K*, strong decays are kine-
matically allowed even in the ground state and are the dominant decay modes (e.g., p — 7w, K* — Kr).
Nevertheless, electromagnetic processes such as M1 transitions still play an important role, especially in
probing internal structure and wave function characteristics, where strong decay channels may not di-
rectly provide such information. In contrast, for heavy mesons such as quarkonia, as discussed in Ref. [§],
strong decays are often suppressed in the ground state due to being below the open-flavor threshold. As
a result, electromagnetic decays, such as J/1) — e~et or M1 radiative transitions, become the primary
decay modes and serve as useful observables for theoretical comparison.

4 Conclusion

We have computed the M1 radiative transitions of light mesons (p and 7) from the ground state up to the
first radially excited state using the light-front quark model. To probe the magnetic dipole transitions,
we calculated the coupling constants and partial decay widths for each channel using model parameters
adopted from previous studies [12, 13]. Our results show relatively large decay widths for I' )1 g)r(15)4
and I'g 16y, K (15)4, primarily due to the substantial mass difference between the vector and pseudoscalar
mesons involved. We also find that the predicted coupling constants g,25)—r(25)y and IK(28)— K (25)y
increase significantly when the mixing angle is set to § = 10°, although this enhancement is suppressed
as Q2 increases. In the hindered transitions, we observe a negative coupling for the kaon meson, while
the p meson yields a positive value. The Future work is suggested to expand more basis functions to
obtain more realistic LEFWF's [15] and explore potential differences in magnetic dipole transitions of light
mesons. Additionally, we also suggest to re-fit the model parameters using up-to-date experimental data,
as our current parameter set yields predictions that are relatively smaller than those of other models.
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