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1. Introduction

Various hadron-related experimental measurements such as genepaitea distributions
and single spin asymmetries at JLab and DESY (Hermes), B-decays & @ABAR) and KEK
(Belle) as well as quark gluon plasma production at BNL (RHIC) and CERINCE), etc. may
be provided in a unified framework of light-front dynamics (LFD). Owinghe rational energy-
momentum dispersion relation, LFD has distinct features compared to othes & Hamiltonian
dynamics. In particular, the vacuum fluctuations are suppressed akthémeatic generators are
proliferated in LFD. Overall, these distinct features can be regardedientageous in hadron
phenomenology. However, it has also been emphasized that treasipeiots such as zero-mode
contributions should be taken into account for successful LFD applitatmhadron phenomenol-
0gy.

In this paper, we discuss some recent progress of light-front quadkific-QM) phenomenol-
ogy. In particular, we present a new development in scalar mesoncpamy and their hadronic
decays and comment on the connection between the AdS/QCD approaitie arsdial LF formal-
ism for hadronic form factors. Firstly, the structure of the scalar melsasfong been an enigma in
hadron spectroscopy. Unlike the elegant vector and tensor multipletstiit c®@stroversial which
are the members of the expectee: S= 1 qq multiplet since there are now too many‘0mesons
observed in the region below 2 GeV for them all to be explained naturally with@picture [3].
This has led to the suggestion that not all of themagretates. The main reason for this situation
is that around the relevant mass region there exist other structureasiﬂk{l_wmolecules[[lZ], glue-
balls [3], and four-quarkdaqa) systems[J4]. In an attempt to decipher the structure of these states,
we investigate a scenario in whidh(1370), fo(1500), and fo(1710 are admixtures of quarkonia
and the lowest-lying scalar glueball. The spectrum is computed using airgd{iQCD-inspired
model Hamiltonian. The results of the spectrum calculation are used to attadymexing between
theqq and glueball. Our final result indicates thigt{1710 is dominantly composed of the scalar
glueball, whilefy(1370 and fp(1500 are mainlynn—ss mixtures. Secondly, using the connection
between the AdS/QCD and the LF approaches in the calculation of the haéon factors [b],
we calculated[[6] the pion form factor in our LFQM taking into account a mdommardependent
dynamical quark mass. We confirmed that the power-law behavior of thequim factor is indeed
attained by taking into account a momentum-dependent dynamical quark rhads becomes
negligible at large momentum region. Our res{ijt [6] was consistent with anrtemggpoint of
AdS/QCD prediction, namely, the holographic wave function contains th&ibotion from all
scales up to the confining scale. Finally, we went beyond the peakingxapyation for the calcu-
lation of the exclusival/( + n¢ production ine™ e~ annihilation process to reduce the discrepancy
between the theoretical predictions based on the NRQCD factorizationamtpand the experi-
mental results[[7]. Our work on the double charm production procesesepted in a separated
contribution to this conference proceedins [8].

The paper is organized as follows. In Sec. 2, we describe the formulationr LFQM
and present our analysis of the glueball candidate in the scalar meszirospepy. In Sec.3, we
discuss the recent development of AdS/QCD approach and the sdimporthe LFQM with the
investigation on the dispersion relation for the timelike pion form factor. Sumaraifyconclusions
follow in Sec.4.
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2. LFQM and Meson Spectroscopy

The key idea in our LFQM[]9] for mesons is to treat the radial wave funci®trial func-
tion for the variational principle to the QCD-motivated effective Hamiltonianrsditug the Fock
state expansion by the constituent quark and antiquark. The QCD-mdtiMat@iltonian for a
description of the ground state meson mass spectra is given by

HaglWhit) = [\/nﬁ+k2+\/m§+k2+qu] |Waite) = Mag Wit (2.1)

wherek = (k |, k,) is the three-momentum of the constituent quiik is the mass of the meson,
and|W>k ) is the meson wave function. We use two interaction poterigléor the pseudoscalar
(0~ ") and vector (1) mesons: (1) Coulomb plus harmonic oscillator (HO), and (2) Coulomb plus
linear confining potentials. In addition, the hyperfine interaction, whichsemsal to distinguish
vector from pseudoscalar mesons, is included for both cases, viz.,

4das 2
Vog = Vo +Vhyp = @+ Yconf— — 4+ Sq 2 0 Vcouh (2.2)

3r  3mgyg
where¥¢ons = br(r?) for the linear (HO) potential. The momentum space LF wave function of the
ground state pseudoscalar and vector mesons is give(kayki |, Ai) = %, (%, Ki L) @gr(Xi, Ki L),
wheregr(xi, ki) andZ,,,, are the radial- and the spin-orbit wave functions, respectively. For the
radial wave functiorgg, we use the same Gaussian wave function for both pseudoscalar aoid vec
mesonspr(Xi, ki) = (4m%/4/B3/2)/dk,/dxexp(—k2/2B2), wheref is the variational parameter
anddk;/ox = Mg/ (4x1x2) the Jacobian of the variable transformationk , } — k= (k,k;). The
spin-orbit wave functions for both pseudoscalar and vector mestsf/sg, », AlAZ%AlAZ =1

For the scalarp) mesons possessing non-zero orbital angular momeitdm [10], vqéﬁﬁ@e, Kii)
=1/2/3B2¢x(x, ki) and the spin-orbit wave function fdP, state satisfie§ ),
K.

For the pseudoscalar and vector meson mass spectra, we apply otioratigrinciple to the
QCD-motivated effective Hamiltonian first to evaluate the expectation valtreafentral Hamilto-
nian, i.e.(gr|(Ho+Vo)|@r) with a trial functiongr(x;, ki ) that depends on the variational parame-
tersf with B being varied until¢r|(Ho+Vo)|¢R) is @ minimum. Once these model parameters are
fixed, then, the mass eigenvalue of each meson is obtaindggas (¢r|(Ho + Veg)| ¢@r). More de-
tailed procedure of determining the model parameters of light and heaxly sgtors can be found
in our previous works[]9]. Our predictions obtained from both the linear the HO parameters
are overall in good agreement with the data within 6% error.

For the scalar meson case, we compute the spectrum using the relativizédingpired
model Hamiltonian of Godfrey and IsgUr J11]. Since the scalar mesorgepssion-zero orbital
angular momentum, the Hamiltonian includes spin—orbit interactions as well apithegin in-
teractions and linear confining potential used in previous pseudosocaaeator meson analyses.
The potentials are relativized by first smearing out the position coordivatedistances on the
order of the inverse quark masses, and secondly by replacing thke mpaases with the quark
energies. The latter correction makes the potentials dependent on the mofietanteracting

ST S
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quarks. The relativized Hamiltonian is diagonalized using a basis of 25 sirapteomic oscillator
states. For details about the Hamiltonian and the resulting spectrum sefRef. [

The masses and wave functions from the spectrum calculation are thetthouaealyze the
mixing of the scalar mesons. We adopt a scheme in which the conventiolalggratates and the
lowest-lying scalar gluebalb) mix to produce to the three isoscalar statgd 370, fo(1500),
andfp(1710.

|f0(1370)> |nﬁ) ar b]_ C1 \nﬁ}
|f0(l500)> =U |S§§ =|labo ‘Sé; (2.3)
f0(1710) 99) ag bz c3 / \ |9g)

Unlike many other scalar meson mixing analyses, we do not assume gluetatlashee. That is,
we do not assume that thlyg—qq mixing is negligible compared tqq—gg mixing, but leave the
mixing scheme as general as possible. Once the mixing parameters ar¢hfd@mpglue content
is used to investigate hadronic decays of the scalar mesons. In particellegmpute the widths
for scalar mesons decaying to pairs of pseudoscalar medgns:mm, fo — KK, and fg — nn.
For the decay calculations, two different scenarios are explored.elfirét, the contribution of
the glueball to the hadronic decays is neglected. In the second sceharimntributions of the
glueball to these decays is included by parameterizing them and fitting themegiars to the
decay data.

When the contributions of the glueball to the hadronic decays are neglectedlution can
be found which matches the data. However, when the glueball contributieriscuded, a very
good match to the data is achieved (§e¢ [12]). In our best solution,

0.617 —0.782 —0.088
U= 0676 0581 —0.453 |, (2.4)
0.403 Q0224 0887

the fo(1710 is composed mainly of the scalar glueball, while f§€1370) and fo(1500 are dom-
inantly nn—ss mixtures. In addition, the solution requires that the amplitudegyépr 77t be negli-
gible, while the amplitude fogg — KK is relatively large, and the amplitude fgg — nn is even
larger. One might expect that the relative sizes of the contributions weuid the reverse order
where the pion contribution is largest and the eta meson contribution is smakeist phase space
differences. However, there are reasons to believe that this ordaeekegs sense.

Sexton, Vaccarino, and Weingarten have published lattice regylts [13jiahwhey computed
the partial decay widths for the scalar glueball to pairs of pseudoscakon®én the quenched
approximation. They found that the coupling increased with increasingdpsealar meson mass,
so that the decay width #6K was larger than the decay width#or. Additionally, Chanowitz[[74]
finds that the coupling of a spin zero glueball to ligjof pairs is chirally suppressed by a factor
of my/myg. This is because fany = 0, chiral symmetry requires the quark and antiquark to have
equal chirality, hence unequal helicity, implying non—vanishing net angutenentum, so that the
amplitude must vanish far = 0 in the chiral limit. Since the coupling is proportional to the quark
mass, this suppression will be stronger forand dd than forss. So the glueball could have a
significant contribution t&K K decays, while its contribution tarr would be small. Thefp(1710)
decays more strongly 6K than torrr, and this has been taken as evidence that it is mainig an
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state. However, if Chanowitz_is correct one could interpreffgfi#710) as being the scalar glueball
with its comparatively larg& K width explained by chiral suppression. This interpretation matches
our finding that thefg(1710 is dominantly composed of the scalar glueball.

3. Timelike Pion Form Factor in Conformal Symmetry

The AdS/QCD correspondence is patrticularly relevant for the desaripfidvadronic form
factors and also provides a convenient framework for analytically caintinthe spacelike results
to the timelike region. The pion electromagnetic form factor has been exemplifiddlS/QCD,
in particular, the power-law behavior of the form facty(Q?) ~ 1/Q? is well reproduced by
the soft-wall AdS/QCD model (or Gaussian mod¢l)|[15]. The key ingredrethis correspon-
dence is the conformal symmetry valid in the negligible quark mass. Using thection be-
tween the AdS/QCD and the light-front approaches in the calculation of ttheihia form fac-
tors, we calculated[[6] the pion form factor in our LFQM taking into accoamhomentum-
dependent dynamical quark mass. In particular, we show that the timehkeféator obtained
by the analytic continuation of the spacelike form factor correctly satisfeedidpersion relation,
F(q?) = ReF (¢?) +ilmF (¢?).

The elastic pion form factor related to pion electromagnetic currerfPiyH (0)|P) = (P’ +
P)HF(Q?) can written as

1 ok oK, m?+ky -k
FrlQ@?) = [ ax [ @y Gtk )y SEamcK L) Y ym; N CE
+kL +k/l

wherek’| =k, 4+ (1—x)q, and our calculation was carried out using tiie=q° + ¢°=0 frame
where? = —Q?, i.e. Q%> 0 is the spacelike momentum transfer. One should understand
as a function ofQ? in principle although in practicen(Q?) for the low Q?> phenomenology can
be taken as a constant constituent quark mass. We took the simple paraioatozdhe quark
mass evolutiom(Q?) in spacelike momentum region agQ?) = mg + (M — mp) (1 +e%2) /[1+
@021 wheremy =5 MeV andm, = 220 MeV represent the current (at higR) and constituent
(at low Q?) quark mass, respectivelff [6].

Vn!e note thatgr(x, k. )@r(x.k’,) in Eq. (B:1) provides a mass-dependent weighting factor

e #1982 which severely suppresses the contribution from the endpoint regian-eD and 1
unlessm — 0. This weighting factor leads to the gaussian fall-offafQ?) at highQ? region for
the constant constituent quark mass which breaks the conformal symMéign the conformal
symmetry limit fn — 0) is taken, however, there is no such suppression of the endpoiahreg
and the highQ? behavior of the form factor dramatically changes from a gaussian fatbcd
power-law reduction. In the limit of larg€®? and conformal symmetryn{= 0), we find that
F3Y/2(Q?) 0 1/Q* for the spinor quarkg= 1/2) case buES=0(Q?) O 1/Q? for the scalar quark
(s=0) case, i.e. the form factor with the Melosh factor being turned off in [EQ)(

We find numerically that ouF$=%(Q?) is equivalent to the soft-wall AdS/QCD resylt [16]
in the largeQ? and conformal symmetry limit where the unconfined bulk-to-boundaryggaior
can be used, i.e6/%%/9°P(@?) = [Ldxexp—(1— x)Q?/4k?¥ (see Eq. (E.8) in[[16]), where the

(u.c.)
subscript (u.c.) denotes the result of the unconfined current diszbfrpm the dilaton field. The
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Figure 1. Left panel: Space- and timelike pion form factor obtalnemhfrF (Qz) (thick lines) and
F$=0(Q?) GeV (thin lines) compared with the results obtained from dispersion relation(black data).

Right panel: Space- and timelike pion form factor obtainemfF,T(Qz>(Q2) (solid line), F3~°(Q?) GeV

(dotted line), ancF/zg:ﬁqu (Q?) (dot-dashed line), respectively.

pion form facton:(AdS)/QCD(Qz) respecting the conformal symmetry shows the power-law behavior

of Fn(Q?) — 4k2/Q? at largeQ?(>> k?). We note that the authors ifi ]16] also derived the pion
form factor in the presence of a dilaton field in AdS space and presergezhtiytic solution of
the modified wave equation for the confined bulk-to-boundary propagdgtis corresponds to the
well-known vector dominance model (VDM) with the leadipgesonance, i. eFﬁgrS]?Eng(Qz)
4k?/(4k2 +Q?). Considering both spin and mass evolution effects in our LFQM analysifindie
that Eq. [3.]L) withm = m(Q?) is well approximated by the following analytic forﬁ)T(Qz)(Qz)
M3FS=0(Q?)/(Q?+ .#Z) up to intermediate spacelike momentum transfer region, whiyrés

the physical mass of the meson. We should note in the calculation of the timelike pion form
factor thatM? is replaced by#Z = M3 —iM,T (¢?) in the denominator wherfd, = 776 MeV and

Ir =120 MeV to compare with the timelike pion form factor data neargheak.

In the left panel of Fig[]1, we show the pion form factor for both sparet timelike region
obtained fromFM? (Qz) (thick lines) andFS=°(Q?) (thin lines), respectively. The solid, dotted,
and dashed lines represeRk(g?)], Re[F,T( 2)], and Im[F,T( 2], respectively. The black circles
and squares are the results of Rg[°(¢?)] and Ran ( 2] obtained from the dispersion re-
lation. This shows that our direct calculations are in an excellent agreesinthe solutions
of the dispersion relation. Althoughs=(Q?) in timelike region produces p meson-type peak
nearg? ~ M2, it does not yield all the features of the vector meson dominance phenomsena

F,T(Qz)(Qz) does. This indicates that the spin and mass evolution effects are cruciahémad-
ing the more realistic features of the vector meson dominance phenomena rlghhpanel of
Fig.[, we show the pion form factor for both space- and timelike reglonrm:defromF (Qz)
(solid I|ne) Fs-0(Q?) GeV (dotted line), and %%/ °CP(q?) [g] (dot-dashed line), respectively.

(con fmeq

OurFy (Qz) andF29%/CP(32) exhibit more realistip meson-type peak thafs=2(Q?). Our

(confined
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LFQM analysis indicates that the difference bethérﬁQz)(Qz) andF$=9(Q?) is due to the spin
(i.e. Melosh factor) and dynamical mass evolution effects of the constitwemk @nd anti-quark
inside the pion. Our result may also be compared to the difference beﬁ@éﬁQCD(Qz) and

neg
FAYS/QCP @2 which is due to the effect of the dilaton field in AdS spdcé [16].

(uc)

4. Summary and Conclusion

In this talk, we presented recent progress of our LFQM phenomenologgarticular, we
developed the analysis of spectroscopy in scalar mesons and theinicaditoays. According to
our LFQM analysis, thep(1710 is composed mainly of the scalar glueball, while té1370)
and fp(1500 are dominantlynn—ss mixtures. Our result is consistent with the chiral suppression
of the scalar glueball decay to a pair of quark and antiquark discuss&hénowitz [T#]. We
also discussed the dispersion relation for the timelike pion form factor andF@M support on
the recent findings from the AdS/QCD correspondence. In manyatsspmir LFQM provides a
unified framework to analyze various experimental measurements for dnerhphenomenology.
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