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Longitudinal dynamics in light-front holographic QCD and hadron spectroscopy
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We demonstrate that the 't Hooft equation and the light-front holographi®@8itger equation are complementary to each other in governing

the longitudinal and the transverse dynamics of color confinement in mesons (quark-antiquark) and baryons (quark-diquark). Together, they
describe remarkably well the spectroscopic data for the light-light, heavy-light and heavy-heavy hadrons. In all hadrons, the transverse
dynamics of confinement is controlled by the universal emerging hadronic scale of the light-front holographg,5 GeV, which, in
heavy-heavy hadrons, coincides with the 't Hooft coupling that governs the longitudinal confinement. This reflects the restoration of the
rotational symmetry in the non-relativistic limit.
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1. Introduction where
The bound state problem of two-particle system&3in- 1)- 9 d? 4L2—1
dimension light-front QCD is cast into the following eigen- ¢ d(Q 4¢2 iz T Q) G)
value equation [1]
and
V2 2 2
MQ:/d:chbL\Il*(x,bL) [—‘M+%+ i ] 2o
al-a) = l-uz Mﬁ:/dwwwgf+1fx+w&>ﬂm, (6)
x U(xz, b, ) + interactions , Q)
. . . with the normalization conditions
whereW(z, b, ) is the light-front wave function (LFWF) of
the system withe andb, being the light-front momentum 2 9 9
fraction carried by the quark and the transverse distance be- dzfx(2)” = [ d*¢le(Q)" = )

tween the quark and the spectator, respectively. The system
mass is denoted hy/, whereasn, andm; are the effective ~ Being the confining potentialé/, (¢) andU) () encode the
masses of the quark and the antiquark (diquark) in the mesorPmplex dynamics of a QCD bound state.
(baryon). Meanwhile, thanteractions refer to an effective
confining potential. .

Introducing the light-front variabl¢ = /z(1—z)b,, - |_—'ght'fr0m holography and transverse con-
the wave function can be factorized into a transverse mode  finement

¢(¢) and a longitudinal mod& (z),
Light-front holography neglects the longitudinal dynamics

U(z,C,p) = ?(¢) ¢Le X (), ) and .cpnsiders the F:hiral limit,e., mass_le.ss guarks. _The
V2r¢ confining potential in transverse directione. U, (¢), is

uniquely fixed by the underlying conformal symmetry and a
holographic mapping to the anti-de Sitter (Ad$)—4]. This
provides

whereL = |L2#¥| is the light-front orbital angular momen-
tum andX (z) = /z(1 — z)x(z). While the exact deriva-
tion of the confining potential from first principle remains an
open question, we assume that the transverse and the longi-
tudinal confining potentiald/, (¢) andU) (x), respectively,
are independent to each other. The effective confining poten-
tial is then written as

U Q) = k' +26%(J = 1), ®)

whereJ = L 4+ S with S being the total quark-antiquark
(diquark) spin and: defines the strength of the confinement.

U(z,¢) = UL (¢) + Uy () . A3) The light-front variablel maps onto the fifth dimension of
AdSs. From Eq. B), we can write

Under this approximation, Ecl) can be rewritten as ) )
d 4L
(-4 + s +UEQ)) 00 = 120(0) . @)

M? = M} + M, (4) dcz T T4



2 CHANDAN MONDAL

The above equation is identified as the wave equation for thashere P{2?2**) are the Jacobi polynomials and
freely propagating spi-string modes in Ad$

In light-front holography, the longitudinal mode is not Ny =v/(2n 4231 + 232 + 1)
dynamical and it is fixed by mapping the pion electromag-
netic or gravitational form factor in physical space-time, onto nl(n+26 +26+1) (16)
the one in Ad$ [5, 6], which results iny(z) = 1, hence L(n+26 + DI (n+ 262 + 1)

X(z) =+/z(1—x).

Solving the holographic Scbdinger equation,9), for
the mesons and baryons separately, as in Ref. [1], provid
the meson mass spectrum as

In this way, Eq.12) takes the form of a matrix, which can
égen be diagonalized numerically. Note that our results are
independent of the choice of basi®. they remain stable
with respect to variations ifi; ».

) ) S The end-point analysis of the 't Hooft equation using
M7 =4k (nL +Lm + 2) (10)  the ansatz provided by the equation, that is the mode of the
form [11]
and the baryon mass spectrum as x(z) = 2% (1 —z) 17)
, , Sp yields ,
Mip=ds (nJ— tlpt 2 * 1) ’ - W;;i — 1+ 7B;cot(nfB;) =0. (18)

wheren, denotes the principal quantum numbgj, is the  In the chiral limit, the above equation provides
total quark-antiquark spin in the meson, afig is the di-

quark spin in the baryon. Note that E4Cf predicts that the Bi = \/3m?/mg?, (19)
lowest lying states witm | = Ly, = Sj; = 0 are massless,
as expected in the chiral limit. and

. N M2 = \/?mu—l—m + O(my, +mg)?. 20
3. The 't Hooft equation and longitudinal con- g 3( ) ( 2 (20)

finement Despite the fact that the holographic Satinger equation,

o , Eqg. 9), predicts a massless piod/, = 0, the contribu-
The longitudinal dynamics of a bound state can be de’[ion to the pion mass is generated by the 't Hooft equa-

scripgd_ by the well known 't_ Hooft t’aquation [7-10]. The tion. Hence, together, the holographic Sitinger equation
Schibdinger-like equation derived by 't Hooft from the QCD and the 't Hooft equation predict the GMOR relation [12],

Lagrgngi_an i.n(1.+ 1)-dimensions and in the larg¥: ap-  hich enclose the chiral symmetry breakng effects in QCD,
proximation is given by M2 > m .
9 5 The Heavy Quark Effective Theory (HQET) determines
m mz . .
—4 4 ) (2) + Uy (2)x (@) = MHQX(I) ., (12) thatthe mass difference bgtween the heavy-llgh_t vector and
x -z the pseudoscalar mesons in their ground states is suppressed
by the heavy quark mass\/}. — M5, ~ 1/mq, while
7 (@) — x (@) M‘Q/gp ~ mq. Together, the holographic Seftinger equa-
Uj(z)x(z) = 77)/dy72 , (13) tion and the 't Hooft equation also correctly predict the
g () HQET constraint, when we presume thét m) does not

whereg = g,v/N. is the 't Hooft coupling with mass di- Scale withmg [9, 10]. . _
mensions and represents the principal value prescription. ~ Meanwhile, the 't Hooft and the holographic potentials
We use the 't Hooft equation for baryons by performing the@r® conss;en} as they both c_o_rre.sp_on'd to an m_stant-form lin-
transformationg (antiquark)— [gq] (diquark). ear potential in the non—relat'|V|st|c limit. FoIIowmg the rela-
Unlike the holographic Schdinger equation, the 't Hooft tion between light-front and instant-form potentials reported

equation does not have exact analytical solutions. To solvé Ref- [13], we have illustrated in Refs. [9, 10] that in the

Eq. (12) numerically, we expand the longitudinal mode onto non-relativistic limit, both the longitudinal and the transverse
a J'a‘cobi polynomialy basis [8] light-front potentials are equivalent to instant-form linear po-

tentials in the center-of-mass (CM) fram&j ~ (g°/2)b;

_ andV, ~ (k%/2)b., respectively. Thus, with ~ , the ro-
x(@) = Z enfnl@) (14) tational symmetry is restored in the CM frame for the heavy-
heavy system. In this context, an alternative longitudinal con-
with fining potential, U (z) = —028,(x(1 — 2))d,, with o be-

ing its longitudinal confinement scale, has been proposed in
falz) = NpaPr (1 — )2 P(292200) (22 — 1) | (15)  Ref. [14] and extensively used in literature [11, 15-23].

with

n
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TABLE |. The quark masses and the longitudinal confinement sgalesed to predict the hadron spectra. We use the transverse confinement
scalex = 0.523 + 0.024 GeV for all hadrons, and it coincides withfor hadrons with two heavy quarks.

Hadron g [GeV] My q [GeV] ms [GeV] m. [GeV] myp [GeV]
Light-light 0.128 0.046 0.357 — —
Heavy-light 0.410 0.330 0.500 1.370 4.640
Heavy-heavy 0.523 — — 1.370 4.640
10
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FIGURE 1. Regge slopes for the light-light meson states, compared = 34 . n1=0
with PDG data [24]. S By
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15 / L "’(M FIGURE 3. Regge slopes for the heavy-light meson states, com-
72s) e yas) i) pared with PDG data [24].
10 .
#(1S) Ip1s)
120 4. Results and Discussions
Xo23P) ny=2
A .
Y@// =l The total mass of the hadron states are evaluated using
2(2P) =0 2 2 2
" 7t MM:MJ_M(nJ_,LM,SM,fi)—i—MHM(nH,mq,mq,g),
Y(@28) Xo2(1P)
2 2 2
v(ls) MB:MLB (nLa LBa SD; ﬁ)+MHM(nH y Mgy Mqq]s g) (21)
= : 5 : : s Here,n| is an additional (longitudinal) quantum number that
L L emerges into the picture while solving the 't Hooft equation.

FIGURE 2. Regge slopes for the heavy-heavy meson states, com
pared with PDG data [24].

The parity (P) and the charge conjugatio@) relations of
the hadronic state are given by

P = (-1t = (-1t (22)
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by an excitation in the longitudinal dynamidé<.,

ny=0 n” Z ng + L . (24)

To compute the hadron spectra, we adopt the quark
masses and scale parameters as summarized in Table | and
we consider the diquark mass to be the sum of the masses
of the quarks in the diquark. Note that we use the univer-
=2 =2 sal k, which is fixed t00.523 £ 0.024 GeV [25] and vary
ol ni=l g from light-light to heavy-light to heavy-heavy systems. In
Figs. 1, 2, and 3 we show the Regge trajectories for all the
meson states. For baryonic states, we present our humerical
results in Figs. 4 and 5. Overall, we found a good agreement
AU520) between our computed results for the hadron specta and the
experimental data [24]. However, for the states containing

n1=2 :ij one bottom quark (or antiquark) are less impressive, but the
& / nL=0 discrepancies lie below0% in any case.
ny=0

5. Conclusions

A(1232)

n;=0

A(1115)

2 0(1672)
80220 We have shown that the light-front holographic equation and
2 2 the 't Hooft equation are complementary to each other in
L L order to predict the hadron specta. While the holographic
FIGURE 4. Regge slopes for the light-light baryon states, compared Sctbdinger equation produces the hadronic mass in the chiral
with PDG data [24]. limit of QCD with a universal emerging transverse confine-
ment scale, the 't Hooft equation provides the contribution to
and the hadronic mass by taking into account the nonzero quark
C = (—1)tlu+Sm (23)  masses and the longitudinal confinement. Using these two

respectively. In addition, we find that an orbital and/or radialequations, we have obtained a good quality description of the
excitation in the transverse dynamics is always accompaniedadron specta comparing with the experimental data.
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FIGURE 5. Regge slopes for the heavy-light baryon states, compared with PDG data [24].
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