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We obtain the light meson mass spectroscopy from the light-front quantum chromodynamics (QCD)
Hamiltonian, determined for their constituent quark-antiquark and quark-antiquark-gluon Fock com-
ponents, together with a three-dimensional confinement. The eigenvectors of the light-front effective
Hamiltonian provide a good quality description of the pion electromagnetic form factor, decay constant,
and the valence quark distribution functions following QCD scale evolution. We also show that the pion’s

gluon densities can be probed through the pion-nucleus induced J/v production data. Our pion par-
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ton distribution functions provide excellent agreement with J/v production data from widely different
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1. Introduction

Quantum chromodynamics (QCD) is the well established the-
ory for the strong interactions [1], where hadrons are viewed as
confined systems of partons (quarks and gluons). However, under-
standing color confinement and chiral symmetry breaking remains
incomplete and it is not yet possible to forecast, from QCD first
principles, the extensive experimentally measured hadron spec-
troscopy. Successful theoretical frameworks for predicting some
aspects of hadron spectra and illuminating partonic structures
are discretized space-time euclidean lattice [2-7] and the Dyson-
Schwinger equations (DSEs) of QCD [8-12]. Much progress is being
made within the Hamiltonian formulation of QCD quantized on
the light front (LF) [13,14]. Complementary insights into nonper-
turbative QCD can be achieved from LF holography [15-25]. Mean-
while, basis light-front quantization (BLFQ) provides a computa-
tional framework for solving relativistic many-body bound state
problems in quantum field theories [26-39].
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With the framework of BLFQ [26], we consider an effective LF
Hamiltonian and solve for its mass eigenvalues and eigenstates
at the scales suitable for low-resolution probes. With quarks and
gluons being the explicit degrees of freedom for the strong in-
teraction, our Hamiltonian incorporates LF QCD interactions [13]
relevant to constituent quark-antiquark and quark-antiquark-gluon
Fock components of the mesons with a complementary three-
dimensional (3D) confinement [30]. By solving this Hamiltonian
in the leading two Fock sectors and fitting the constituent parton
masses and coupling constants as the model parameters, we ob-
tain a good quality description of light meson mass spectroscopy.
We evaluate the pion electromagnetic form factor (EMFF) and the
parton distribution functions (PDFs) from our resulting light-front
wave functions (LFWFs) obtained as eigenvectors of this Hamil-
tonian. The former characterizes the spatial extent of a hadron,
while the latter describe the longitudinal momentum distribution
of partons within the hadron. Since we interpret our model as ap-
propriate to a low energy scale, we apply QCD evolution of the
PDFs to higher momentum scales, and compare results with ex-
periment.

One salient issue can be addressed with our approach-the im-
portant role of an initial gluon distribution at a low energy scale
that contributes to all (sea and gluon) the parton distributions
under QCD scale evolution. Experimentally, the pion PDFs are mea-
sured with the pion-nucleus-induced Drell-Yan process [40], where
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the differential cross section is sensitive to the valence quark den-
sities at the parton’s light-front momentum fraction x > 0.2. Sea
and gluon distributions contribute over a wider range of x. Mean-
while, pion-induced charmonium production is dominated by the
quark-antiquark and gluon-gluon fusion partonic processes so that
the available J/v production data [41-44] are sensitive to both
the quark and gluon distributions of the incident pion [45]. Within
the framework of the color evaporation model (CEM) [46-48], we
study the sensitivity of J/v production to our pion PDFs and con-
firm that consistency with the data depends sensitively on the
shape and magnitude of the pion’s gluon density. Thus, the pion’s
initial gluon distribution at the valence quark regime can con-
tribute significantly to interpreting the J/v production data.

2. Mass spectra and LFWFs

The bound state problem on the LF is cast into an eigenvalue
problem of the Hamiltonian: P~P+|¥) = M?|W¥), where P* =
P9+ P3 employs the LF Hamitonian (P~) and the longitudinal mo-
mentum (PT) of the system, respectively, with the mass squared
eigenvalue M2, At fixed LF time (x™ =t + z), the meson state can
be expressed in terms of various quark (g), antiquark (q) and gluon
(g) Fock components,

W) = Y9199 + ¥(qae1908) +- - -, (1)

where the LFWFs ) correspond to the probability amplitudes
to find different parton configurations in the meson. At the ini-
tial scale where the mesons are described by |qq) and |qqg), we
adopt the LF Hamiltonian P~ = Poep + P where Poep and P-
are the LF QCD Hamiltonian and a model for the confining interac-
tion. With one dynamical gluon in LF gauge [13]
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where ¥ and A* are the quark and gluon fields, respectively. T
represents eight adjoint matrices of the SU(3) gauge group, and
yT =y%+ 93, where y# are the Dirac matrices. The first two
terms in Eq. (2) are the kinetic energies of the quark and gluon,
where mg and mg are the masses of the bare quark and gluon.
While the gluon mass is zero in QCD, we allow a phenomenolog-
ical gluon mass to be fit to the spectra in our low-energy model.
The last two terms describe their interactions with coupling gs.
Following a renormalization procedure developed for positronium
in a basis consisting of the |ee) and |eey) [49,50], we introduce
a mass counter term, §mg = mg — my that represents the quark
mass correction due to the quantum fluctuations to the higher
Fock sector, where mg is the renormalized quark mass. Referring
to Ref. [51], we allow an independent quark mass my in the vertex
interaction.

We adopt confinement in the leading Fock sector following [30]
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with « being the strength of the confinement. The transverse con-
finement corresponds to the LF holographic potential, where the
holographic variable is +/x(1 — x)r, [15]. The confining potential,
Eq. (3), reproduces a symmetric 3D confinement in the nonrela-
tivistic limit and it has been successfully applied to mesons [21,
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Fig. 1. The mass spectra of unflavored light mesons. Our results (Black-dashed bars)
are compared with the experimental data taken from PDG (red-solid bars) [52], the
LFHQCD (blue-circle) [15], Gutsche et al (cyan-triangle) [20], and the BSE (magenta-
square) [53].

29-37] and to the nucleon [38]. Confinement in the qgqg sector re-
lies solely on the cutoffs of the BLFQ basis functions introduced
below.

Following BLFQ, for each Fock-particle we employ a plane-wave,
e~iP"x7/2 o describe its longitudinal motion and two dimen-
sional harmonic oscillator (“2D-HO”) wave function, ®um(p1;b)
with scale parameter b, to describe its transverse degrees of
freedom [27]. The longitudinal motion is confined to a box of
length 2L with antiperiodic (periodic) boundary conditions for
fermions (bosons). Therefore, the longitudinal momentum p* =
2mk/L, where k=13 3 .. for fermions and k =1,2,3, ... for
bosons. We neglect the zero mode for bosons. For all many-
body basis states, we rescale the total longitudinal momentum
P* =3Y;p; using K =3k such that P* = ZT”K. For given
parton i, the longitudinal momentum fraction x is then defined
as xj = pf/P+ =k;i/K. The 2D-HO wave function carries the ra-
dial quantum number n and angular quantum number m. With
the additional quantum number A for the helicity, each single-
parton basis state is identified using & = {x,n, m, A}. In the case of
Fock sectors allowing for multiple color-singlet state (i.e. beyond
Fock sectors retained here) we need an additional label to distin-
guish each color singlet state. Additionally, our many-body basis
states have well defined total angular momentum projection M; =
> i (m;+1;). We truncate the infinite basis space by introducing
limits K and Nmay, such that }_;(2n; + [m;| + 1) < Nmax in longitu-
dinal and transverse directions, respectively. The Npax truncation
enables factorization of transverse center of mass motion [28] and
manifests a natural ultra-violet (UV) regulator Ayy ~ b+/Nmax-

The LFWFs of the mesons in momentum space are then ex-
pressed as

N M|
{Xi.P1i.hi}
N
= > N (@) [ | bnmi (Brisb) . (4)
{nim;} i=1

where yN=2({&;}) and ¥N=3({@;}) are the components of the
eigenvectors relevant to the Fock sectors |qq) and |qqg), respec-
tively, in the BLFQ basis obtained from diagonalizing the full
Hamiltonian matrix. Meanwhile, ¢, (p1,b) represents the 2D-HO
basis functions.

We select {Nmax, K} = {14, 15}, the HO scale parameter b =
0.29 GeV and set our model parameters {mg, mg, i, myg, gs} =
{0.39GeV, 0.60GeV, 0.65GeV, 5.69GeV, 1.92} to fit the known
masses of i, p, agp, ai, 7/, and 7. Fig. 1 shows the mass spec-
tra for unflavored light mesons and compares with experimental
data compiled by the particle data group (PDG) [52] and with the
predictions of LF holographic QCD (LFHQCD) [15]. We also include
results based on light-front holography [20] and the Bethe Salpeter
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Fig. 2. The EMFF of the pion. The data are taken from Refs. [54-61].

equation (BSE) [53] for comparison. For states not involved in the
fit, by, az, and p’, our results deviate more significantly from the
experimental data. However, we especially note that we are able to
fit the hybrid state 771, which may be viewed as a qg meson with
a vibrating gluon flux tube [52].

3. Pion EMFF and decay constant

We first employ our resulting LFWFs for the pion EMFF F(Q?)
via

(WP I OI¥(p)) = (p+ PHF(Q?), (3)

where p’ =p +q, Q2 = —q% and the electromagnetic current
jé‘M(z) = Zf efq(2)y"q(z) with f = d,u and the quark electric
charge ef. Taking u =+, the EMFF can be expressed in terms of
the meson LFWFs using the Drell-Yan-West formula [62],

N.M;=0% _N,M;=0

F@Q )_Z"’f 2 /\I’xl b Vi (6)
N

where [\, = I—[,j\_f1 f [%] 16738(1 — Y x;) 82(3_pLj) and for
= 167 i

a struck parton, p/; =p1i+ (1 —x)G. while p|, =p; —xG, for

the spectators. Considering the frame, where q* =0, Q2 = —¢% =

G?. The electric charge e, (e;) = %(3), while eg =0.

Our prediction for the EMFF of the charged pion is compared to
the experimental data in Fig. 2. Note that our choice of Npax = 14,
implies the UV regulator Ayy ~ ba/Nmax =~ 1 GeV. Our agreement
with the precise low Q2 EMFF data is consistent with our expec-
tation that our predictions are most reliable in the low Q2 regime.

The decay constant fp of a pseudoscalar meson is defined as
the local vacuum-to-hadron matrix element:

(019(0)y"y5q(0) [W(p)) = ip" fp. (7)

We obtain f;h' = 138 MeV for the pion from the |qq) Fock sector
alone (the |qqg) sector does not contribute) close to the experi-
mental fE° =130.040.2 MeV [52].

Pion PDFs.—The PDF is the probability of finding a collinear par-
ton carrying momentum fraction x. With our LFWFs, the valence
quark (antiquark) and the gluon PDFs in the pion are given by

fiw=Y" /wN’MFO*

{xi,PLi-Ai}
N, }»,‘N

N, M ;=0 .
{Xi,ﬁm/\i}a(x_x')’ (8)
where i = q, g, g labels the valence quark, valence antiquark, and
gluon, respectively. At our model scale the PDFs for the valence
quark (antiquark) are normalized as fol fqig®)dx =1, and those
PDFs together with the gluon PDF satisfy the momentum sum rule:

f(]] Yixfidx=1.
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Fig. 3. The PDFs of the pion. Upper panel: the black lines are our results evolved
from the initial scale (0.3440.03 GeV?) using the NNLO DGLAP equations to the ex-
perimental scale of 16 GeV2. The red lines correspond to BLFQ-NJL predictions [32].
Results are compared with the original analysis of the FNAL-E615 experiment [40]
data and with its reanalysis (E615 Mod-data) [69]. Lower panel: Our result for the
pion gluon PDF at u? =4 GeV? is compared with the global fits, JAM [67] and xFit-
ter [68].

We solve the next-to-next-to-leading order (NNLO) Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [63-65] of QCD
numerically using the higher order perturbative parton evolution
toolkit [66] to evolve our PDFs from our model scale (,u%) to a
higher scale (1%). We determine /,L(z) by requiring the result af-
ter evolution to produce the total first moments of the valence
quark and the valence antiquark distributions from the global QCD
analysis, (X)yalence = 0.48 & 0.01 at u? =5 GeV? [67]. This re-
sults in p3 = 0.34 £ 0.03 GeV? and we then evolve our initial
PDFs to the relevant experimental scale u? =16 GeV2. While em-
ploying the DGLAP equations, we impose the condition that the
running coupling ors(4?) saturates in the infrared at a cutoff value
of max{as} ~ 1 [24,32,33,38,39]. Note that the sea quark distribu-
tions are absent in the initial scales of our model.

Fig. 3 shows our results for the pion PDFs, where we com-
pare the valence quark distribution after QCD evolution with the
data from the E615 experiment [40] as well as the reanalysis of
the E615 experiment [69,70]. We also include the pion PDFs pre-
viously obtained in BLFQ-NJL model [31-33] based on a valence
Fock representation for comparison. The error bands in our evolved
PDFs are manifested from an adopted 10% uncertainty in our ini-
tial scale. We find a good agreement between our prediction for
the pion valence quark distribution and the reanalyzed E615 data,
while the BLFQ-NJL model prefers the original E615 data. In our
current treatment, the pion valence PDF falls off as (1 — x)177, fa-
voring a slightly slower falloff compared to the (1 — x)? predicted
by perturbative QCD [71] and calculations using DSEs [72]. Note
that Refs. [69,70,73] support our finding. On the other hand, the
BLFQ-NJL at same high-x exhibits (1 — x)!#* [32], supported by
Ref. [74].

The gluon distribution significantly increases in our approach
compared to that in the BLFQ-NJL model as well as to the global
fits [67,68] as can be seen from Fig. 3. The BLFQ-NJL model is
based on the pion valence Fock sector and gluons are generated
solely from the scale evolution. However, our model includes a
dynamical gluon at the initial scale and results in a larger gluon
PDF at large-x (> 0.2) after scale evolution. Our result is also
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supported by a recent study from DSEs [12]. We find that glu-
ons carry {39.5, 42.1, 43.9, 44.6, 45.1}% of pion momentum at
{1.69, 4, 10, 16, 27} GeV?, respectively.

4. Pion-nucleus induced J /¢ production

Finally, we perform the next-to-leading order (NLO) calcula-
tions of the differential cross sections for charmonium production
by a pion beam to compare with available J/v production data
with a special focus on the role of our model’s gluon distribution.
Among several theoretical approaches [46-48,75-78], we adopt
the CEM [46-48], assuming a constant probability for cc pairs to
hadronize into a given charmonium. The CEM has only one effec-
tive parameter (F) that accounts for the probability and provides
a good description of many features of fixed-target /¢ cross sec-
tion data with proton beams [79,80] and the collider data at the
Relativistic Heavy lon Collider and Large Hadron Collider [81,82].

The differential cross section for J/v production from the pion-
nucleus collision in the CEM is given by [45,83-85]

d
a0 (9)
dxg /v
2mp
2M.;
—F Z dMg———
i.j=0.0. 82, S\t +4MZ/S

R +
x (s m2, i wp) S G i) S G i)

with x1 2 = (,/x2 +4M2% /S +xF)/2 and xf = X1 — X3. The variables

S and s denote the square of center-of-mass energy of the col-
liding 7 N and the interacting partons, respectively, and m¢, mp,
and Mz are the masses of the charm quark, D meson, and cc
pair, respectively. The &;; is the short-distance differential cross
section of heavy quark pair production at NLO, calculable as a per-
turbation series in the strong coupling [83]. The f 7 and N are
the PDFs of the pion and the target nuclei, respectively, evaluated
at the factorization scale pr. To complement our model for the
pion PDFs, we adopt the nuclear PDFs from nCTEQ 2015 [86] and
consider the factorization scale (g =2m, and the renormalization
scale ugr = m. with m = 1.5 GeV to perform the calculation for
the cross section [85].

Fig. 4 illustrates the cross section do /dxp for the J/v produc-
tion as a function of xf and compares with various experimen-
tal data, including the E672 and E706 experiments with 515 GeV
pions and beryllium target [41], the E705 experiment with 300
GeV pions and lithium target [42], the NA3 experiment with 200
GeV pions and hydrogen target [43], and the WA11 experiment
with 190 GeV pions and beryllium target [44]. We determine the
hadronization factor F, as an overall normalization parameter, by
the best x? fit to those data, shown as the black lines in Fig. 4.
The values of F and the corresponding x?2/ndf values of all the
best fits are also displayed in the plot (“ndf” represents “number
of degrees-of-freedom”). We obtain good x?2/ndf values for all four
data sets. We also present the individual qq, gg and qg contribu-
tions to the total cross sections in the NLO calculation. Notably,
the gg contribution dominates the cross section up to xg ~ 0.5
and it decreases dramatically toward larger xr. The contribution
from gg is increasing as the energy increases. Meanwhile, the gqq
contribution exhibits slower falloff and the relative importance of
qq rises at the large-xr region. This is because the valence quark
(antiquark) dominates the PDFs at large-x. The contribution from
qg is negative (as signified by the “(—1)” in the labels) and rela-
tively small. Overall, we observe that the J/v production data are
sensitive to the pion PDFs, especially the large-x (x > 0.2) gluon
distribution of pions. Our pion PDFs provide good agreement with
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Fig. 4. do /dxp for the m ~nucleus — J/¥ X process as a function of xp. The data
are taken from FNAL E672, E706, E705, CERN NAOO3 and CERN WA11 experi-
ments [41-44]. The negative contribution from qg is presented here by multiplying
with “(—=1)".

data from widely different experimental conditions. Our finding
also supports the study reported in Ref. [45].

5. Conclusion and outlook

We have solved the light-front QCD Hamiltonian for the
light mesons by considering them within the constituent quark-
antiquark and the quark-antiquark-gluon Fock spaces. Together
with a three-dimensional confinement in the leading Fock sector,
the eigenvalues of the Hamiltonian in Basis Light Front Quantiza-
tion provide a good quality description of the light mesons’ mass
spectra. The LFWFs obtained as the eigenvectors of this Hamilto-
nian were then employed to produce the pion EMFF and the initial
PDFs. We have obtained excellent agreement with the experimen-
tal data in the low-Q? regime for the pion EMFF. The PDFs at
a higher experimental scale have been computed based on the
NNLO DGLAP equations and we obtain reasonable agreement with
the experimental data for the valence quark distribution.

We have also calculated the differential cross sections for pion-
induced J/v production using the CEM framework at NLO and
have obtained good agreement with available data [41-44]. Our
study indicates that a proper description of /¢ production data
imposes a strong constraint on the pion’s PDFs. We confirm the
sensitivity of the J/¢ production data to the pion’s gluon density
in the valence-quark regime. The resulting LFWFs can be employed
to study other quark and gluon distributions, such as the gener-
alized parton distributions, the transverse momentum dependent
parton distributions as well as the double parton correlations etc.,
in the light mesons. On the other hand, this work can be extended
to higher Fock sectors to incorporate, for example, sea degrees of
freedom as well.
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