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Virtuality and coherence determine the limits of applicability of holographic concepts in QCD.
In light-front quantization, the invariant mass controls the off-shell behavior of a physical process
and thus provides a measure of its virtuality. In impact space, the corresponding quantity is
the invariant transverse separation between quarks and gluons, 𝜁 , which is identified with the
holographic coordinate 𝑧 in holographic light-front QCD. By embedding the internal structure of
hadrons and implementing an effective superconformal symmetry, the mapping between quantum
states and classical gravity –central to the holographic principle– yields new analytic insights into
the strong-interaction dynamics responsible for the emergence of a confinement scale and the
observed hadron spectrum. We show that the possible emergence of a gravity dual to physical
QCD is restricted to the Regge limit of high-energy scattering, where many partonic degrees of
freedom participate coherently. This criterion provides a quantitative definition of the domain
of applicability of holographic QCD to dynamical processes and allows it to be tested directly
against experimental results. By further enforcing analyticity together with exact QCD constraints
at asymptotic infinity, the holographic framework can be consistently extended beyond the infrared
domain. To illustrate this procedure, we briefly discuss recent work by the HLFHS collaboration,
where the effective strong coupling was extended from the Regge-limit domain, through the
near-perturbative transition region, and into the ultraviolet Bjorken-limit domain. The resulting
scheme provides a unified and precise nonperturbative description of the strong coupling across
all virtuality scales.

“High-energy scattering and deep inelastic processes
are two aspects of the same amplitude,

connected through virtuality and coherence.”
Attributed to V. N. Gribov.
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1. The holographic principle and limits of applicability of dual descriptions to QCD

According to the holographic principle, the physics of gravity within a spacetime volume can
be encoded in a strongly coupled quantum-mechanical system with a large number of degrees of
freedom defined on its boundary [1, 2]. The AdS/CFT correspondence [3] originates in string theory
and thus provides a precise mathematical realization of this principle. It establishes the equivalence
between a weakly coupled theory of gravity in a higher-dimensional anti–de Sitter (AdS) space
–a spacetime of constant negative curvature– and a strongly coupled conformal field theory (CFT)
with a large number of colors, 𝑁𝑐, defined on its lower-dimensional Minkowski boundary.

Quantum Chromodynamics (QCD), a non-Abelian gauge theory with local SU(3) color sym-
metry, is firmly anchored in physical reality. It is neither supersymmetric nor conformal, nor does
it possess a parametrically large value of 𝑁𝑐 in the real world. The possible emergence of a gravity
dual to physical QCD cannot be inferred from spectroscopy alone. Although a bound state contains
an infinite number of higher Fock components beyond the valence configuration, and therefore an
infinite number of virtual constituents, this consideration by itself is insufficient to establish the
conditions under which a dual description may arise. To assess whether a gravity dual to physical
QCD can actually emerge, it is therefore necessary to extend this incomplete notion of confinement
beyond the spectroscopic domain to dynamical processes, where the number of active degrees of
freedom is explicitly introduced through the interpretation of high-energy experiments. Thus, the
question of whether QCD has a sufficient number of active degrees of freedom for a dual description
to be meaningful in a given kinematical domain can, in principle, be answered experimentally.

Early measurements of the proton structure function 𝐹2(𝑥, 𝑄2) at HERA [4], in the kinematic
range 5×10−5 ≤ 𝑥 ≤ 0.01, point to a gluon density that increases toward small values of the Bjorken
variable 𝑥, consistent with Regge behavior and Pomeron exchange. Other dynamical processes in
the Regge limit, where the center-of-mass energy 𝑠 is much larger than the momentum transfer 𝑡,
𝑠 ≫ |𝑡 |, are also consistent with a high density of gluons at very small 𝑥 ∼ 𝑄2/𝑠, at fixed 𝑡 = −𝑄2.
These include elastic and diffractive scattering, hadron electroproduction, inclusive and diffractive
deep inelastic scattering (DIS), and, more recently, studies of energy–flow correlators from jets at
extreme energies (see, for example, Ref. [5]).

The relation between the gluon density and the rise of the total proton–proton cross section
validates the dominance of linear Regge trajectories and Pomeron exchange in forward scattering
processes over six orders of magnitude in the center-of-mass energy 𝑠, corresponding to values of
𝑥 ∼ 𝑄2/𝑠 as small as 𝑥 ∼ 10−9 [6]. One may also consider a 𝑄2-dependent Pomeron to describe
the 𝑄2 evolution of the gluon distribution function 𝑔(𝑥, 𝑄2) at small 𝑥 [7]. This procedure allows
one to describe the 𝑄2 dependence of 𝐹2(𝑥, 𝑄2) observed at HERA, as well as the energy and
𝑄2 dependence of high-energy diffractive processes involving virtual photons up to LHC energies.
This simple alternative to a hard Pomeron illustrates that it is not necessary to modify standard
Regge-limit Pomeron dynamics in order to extend holographic results to processes at higher 𝑄2.

2. Virtuality and coherence in light-front QCD

In relativistic quantum field theory, virtuality, often denoted by 𝑄2, is a measure of how far
a particle is off–mass–shell 𝑄2 = 𝑃2 − 𝑀2. In QCD, virtuality has a special significance since
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the fundamental constituents of hadrons are never on–mass–shell: 𝑝2
𝑖
≠ 𝑚2

𝑖
, they are not directly

observable particles. It is convenient to define virtuality 𝜖𝜅 (𝑄2) with respect to a confinement scale
𝜅, namely

𝜖𝜅 (𝑄2) ≡ 𝑄2 + 4𝜅2, (1)

with 𝜖𝜅 (𝑄2 = 0) = 4𝜅2, and 4𝜅2 ≃ 1GeV2 defined in terms of the proton mass, 4𝜅2 = 𝑀2
𝑝, for

reasons that will become apparent below. It is also useful to define coherence length 𝐿𝜅 relative to
the confinement scale 𝜅 by

𝐿2
𝜅 (𝑄2) ≡ 𝜖𝜅

−1(𝑄2). (2)

At low virtuality states maintain coherence over long light-front times and large spacetime intervals,
thus allowing nonperturbative dynamics to form a bound state. At higher virtuality scales, 𝑄2 ≫
4𝜅2, virtuality grows with the probe scale, 𝜖𝜅 (𝑄2 ≫ 4𝜅2) ∼ 𝑄2, and the coherence 𝐿𝜅 (𝑄2) it is
gradually lost. This is the case for DIS in the Bjorken limit,𝑄2 → ∞, which revealed the underlying
point-like structure of the proton constituents.

In light front (LF) quantization [8] the LF invariant Hamiltonian, 𝑃2, for a hadron with four-
momentum 𝑃𝜇 = (𝑃+, 𝑃−,P⊥) is given by 𝑃2 = 𝑃𝜇𝑃𝜇 = 𝑃+𝑃− − P2

⊥. In the case of the proton,
the mass and the confinement scale terms cancel out from the expression of the relative virtuality,
𝜖𝜅 (𝑄2), with the result 𝜖𝜅 (𝑄2)𝑝 = 𝑃+𝑃− + 𝑀2

𝑛, where 𝑀2
𝑛, the invariant mass, is given by

𝑀2
𝑛 =

(
𝑛∑︁
𝑖=1

𝑘
𝜇

𝑖

)2

=

𝑛∑︁
𝑖=1

k2
⊥𝑖 + 𝑚2

𝑖

𝑥𝑖
, (3)

for an 𝑛-parton Fock state. The longitudinal momentum fraction of each constituent 𝑥𝑖 = 𝑘+
𝑖
/𝑃+, and

the transverse momenta k⊥𝑖 are relative variables; i.e., they are independent of the total longitudinal
momentum 𝑃+ and transverse momentum P⊥ of the hadron bound state, and the 𝑚𝑖 denote the
parton masses. The invariant mass (3) is the key dynamical variable that controls the off-shell
behavior of the wave function [9].

3. Spectroscopic Regge domain in QCD

In QCD the spectroscopic Regge domain in QCD refers to the observed patters of hadron
masses and spins obseved in high-energy scattering—the Regge limit—and often described with
holographic models of QCD [10]. This connection becomes rather precise within the holographic
light-front QCD approach (HLFQCD) in terms of the invariant LF coherence length 𝐿𝜅 defined
above.

3.1 Semiclassical approximation to light-front QCD and wave equations in AdS space

It is useful to consider the conjugate invariant variable to 𝑀2
𝑛, Eq. (3), in impact space. It

is labeled 𝜁 and represents the invariant transverse separation between the constituents quark and
gluons within a hadron1. This choice of the variable 𝜁 allows us to separate kinematics from

1For a two-component bound-state 𝑀𝑞𝑞̄ = k2⊥/𝑥(1− 𝑥) and 𝜁2 = 𝑥(1− 𝑥)b2
⊥, with b⊥ the transverse impact variable

conjugate to k⊥.
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dynamics in the LF Hamiltonian bound-state problem and to derive a single variable LF quantum
mechanical wave equation [11].(

− 𝑑2

𝑑𝜁2 − 1 − 4𝐿2

4𝜁2 +𝑈 (𝜁)
)
𝜙(𝜁) = 𝑀2𝜙(𝜁), (4)

where 𝐿𝜅 is the LF orbital angular momentum. The effective confinement potential 𝑈 (𝜁) acts on
the valence Fock state, and it is built from the interaction of all the higher Fock components acting
coherently over distance 𝐿2

𝜅 ∼ 1/𝜅2.
The wave equation in AdS𝑑+1 follows from the variation of the action in the presence of a

dilaton term, 𝑒𝜑 (𝑧) , responsible for confinement. The dilaton breaks the scaling invariance of the
AdS metric and induces an effective interaction 𝑉 (𝑧). After separating kinematics from dynamics,
one obtains a Schrödinger-like equation [11, 12](

− 𝑑2

𝑑𝑧2 − 1 − 4𝜈2

4𝑧2 +𝑉 (𝑧)
)
Φ(𝑧) = 𝑃2 Φ(𝑧), (5)

where 𝑧 is the fifth dimension of AdS5 and

𝑉 (𝑧) = 𝑒−𝜑 (𝑧)/2𝑧−𝛾−1𝜕𝑧

(
𝑧𝛾+1 𝜕𝑧𝑒

𝜑 (𝑧)/2
)
, 𝛾 = 2𝐽 − 𝑑,

the gravitational potential [13]. Analogous equations are obtained for fermions using Rarita–
Schwinger spinors [12].

Equation (4) is a frame-independent relativistic wave equation with a structure similar to that
of Eq. (5). It leads to an exact mapping of the AdS equations to Hamiltonian LF equations, provided
that the holographic variable 𝑧 is identified with the LF invariant transverse distance 𝜁 , 𝑧 = 𝜁 .
Thus, small values of 𝜁 correspond to large-virtuality processes and to values of 𝑧 near the AdS
boundary. Conversely, large values of 𝜁 describe low-virtuality configurations and correspond to
large 𝑧, deep in AdS space, where the metric is modified to introduce nonperturbative dynamics. In
addition, the AdS parameter 𝜈 is identified with the orbital angular momentum in the transverse LF
plane 𝐿; The internal structure of hadrons and their angular momentum become essential elements
of the holographic light front QCD (HLFQCD) framework [14]. Finally, we identify the AdS wave
function Φ with the LF eigenfunction 𝜙; the gravitational potential𝑉 with the confinement potential
𝑈; and the Lorentz invariant 𝑃2 = 𝑃𝜇𝑃

𝜇 with its eigenvalue 𝑀2, the hadron bound-state mass.

3.2 Introduction of a mass scale and superconformal symmetry

The introduction of a mass scale –absent by construction in the classically scale-invariant
QCD Lagrangian– implies the emergence of an effective, nonlocal dynamical symmetry acting
over distances of order 𝐿2

𝜅 ≃ 1/𝜅2. Superconformal symmetry provides a natural realization of
this mechanism: the emergence of a mass scale through a graded superconformal algebra uniquely
fixes the form of the effective confining potential [15, 16], leading to the observed hadronic spectra
and to supersymmetric relations among the Regge trajectories of mesons and baryons. Within this
framework, the pion is massless in the chiral limit and has a special role, being responsible for the
breaking of hadronic supersymmetry [17, 18]. Extensions of this approach to tetraquarks, as well
as to bound states containing heavy quarks, have also been studied [19–22].
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The derivation of a unique confinement potential from an effective superconformal symmetry
leads to the meson (M) and baryon (B) spectrum [17]

𝑀2
𝑀 = 4𝜆 (𝑛 + 𝐿𝑀 ) , (6)

𝑀2
𝐵 = 4𝜆 (𝑛 + 𝐿𝐵 + 1) , (7)

where 𝑛 and 𝐿 label radial and orbital excitations. Comparing Eqs. (6) and (7), one finds the
superconformal relation 𝐿𝑀 = 𝐿𝐵 + 1 within a meson–baryon multiplet. The prediction of a
massless meson for 𝐿𝑀 = 0 (Eq. (6)) implies 𝐿𝐵 = −1, thus signaling the breaking of hadronic
supersymmetry in the chiral limit. This pattern holds across all particle families, including hadrons
containing heavy quarks. The mass correction terms from heavy quarks, as well as spin-dependent
terms, should be included in the longitudinal component of the total LF Hamiltonian, 𝐻 = 𝐻∥ +𝐻⊥,
(see, for example, Ref. [23]), as required by the superconformal symmetry which acts only in the
LF transverse components.

Mesons and baryons lie on linear Regge trajectories, 𝛼(𝑡) = 𝛼(0) +𝛼′𝑡, with 𝑡 = 𝑀2, whenever
𝛼(𝑡) assumes non-negative integer and half-integer values 𝐽, such that 𝛼(𝑡 = 𝑀2) = 𝐽. The
Regge slope, 𝛼′ = 1

4𝜆 , is universal, reflecting the underlying superconformal structure, whereas the
intercept 𝛼(0), differs for mesons and baryons [24]. If we identify the confinement strength 𝜅 with
the mass scale 𝜆, Eqs. (6) and (7), we find an specific relation between the coherence length 𝐿𝜅 , in
the limit 𝑄2 → 0, and the universal Regge slope

𝐿𝜅 ≡ 𝐿2
𝜅 (𝑄2 → 0) = 𝛼′ =

1
4𝜅2 . (8)

It thus corresponds to the maximal coherence length, where an infinite number of quark and gluon
degrees of freedom, above the valence Fock state, act collectively. From Eq. (7) the proton mass
is given by 𝑀2

𝑝 = 4𝜅2 ≃ 1GeV2, thus 𝜅2 ≃ 0.5 GeV2. Since the Regge slope is universal, the
coherence length 𝐿𝜅 is also universal for light hadrons, but it becomes progressively smaller for
heavy hadron spectrum, since 𝛼′ increases as a function of the heavy quark mass scale of the bound
state [21, 22, 25].

The superconformal effective symmetry in HLFQCD predicts identical values of the confine-
ment scale 𝜅 for mesons and baryons, but leaves its absolute magnitude undetermined. Indeed,
the hadronic mass scale cannot be derived from first-principles QCD using either perturbative or
nonperturbative methods: it is not contained within the intrinsic structure of the theory and therefore
requires an external input, such as the measured proton mass 4𝜅2 = 𝑀2

𝑝, or the Regge slope 𝛼′.
Both are connected to the coherence length 𝐿𝜅 by Eq. (8).

4. Ultraviolet completion of analytic amplitudes in QCD

The introduction of Veneziano duality from the pre-QCD era [26] is an important element in the
computation of form factors and parton distribution functions. A straightforward application of the
holographic QCD framework, for example using the soft-wall model [27], leads to incorrect results,
since it does not incorporate the Regge intercept, which is essential for a meaningful comparison
with experimental observations. Duality therefore becomes a key ingredient at the level of scattering
amplitudes and form factors.
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Figure 1: The effective coupling 𝛼eff (𝑄). The results shown in the figure correspond to 𝜅 = 0.534 GeV.
(left) The IR and nonperturbative transition domain, (right) imposing UV completion and incorporating the
influence of heavy quark thresholds [30].

By imposing strict boundary conditions in the deep ultraviolet limit, the framework can be
extended to describe hadronic form factors as well as quark and gluon distributions [28, 29].
As recently shown by the HLFHS collaboration, enforcing analyticity together with exact QCD
constraints at asymptotic infinity also makes it possible to extend the effective strong coupling from
the infrared holographic regime into the ultraviolet domain [30].

4.1 All scales effective running coupling in QCD

The effective strong coupling 𝛼eff given in [31]

𝛼eff (𝑄2) = 𝛼eff (0) exp
[
−

∫ 𝑄2

0

𝑑𝑢

4𝜅2 + 𝑢 log( 𝑢

Λ2 )

]
, (9)

behaves in the Regge-limit domain and the Bjorken-limit region as follows:

𝛼eff (𝑄2) →
{

𝑒−𝑄
2/4𝜅2

, for 𝑄2 ≪ 4𝜅2,
1

log(𝑄2/Λ2 ) , for 𝑄2 ≫ 4𝜅2.
(10)

For 𝑄2 ≫ 4𝜅2 this is the typical leading order perturbative behavior. For 𝑄2 ≪ 4𝜅2, it is the
non-perturbative behavior based on the light front holographic approach [30–32].

In Ref. [31], it was shown that analyticity arguments allows one to determine the perturbative
constant Λ in terms of of the confinement scale as 𝜅 as Λ = 8

𝜋
𝜅2. Thus, the transition from the

hadronic to the perturbative region, approximately the region 2 ≤ 𝑄 ≤ 5 GeV, is also governed by
the confinement scale 𝜅, as can be seen from Fig. 1 (left).

Above this region, the influence of heavy quarks, as well as the QCD boundary conditions in
the asymptotic limit𝑄2 → ∞, are critical elements of the model. Threshold effects are incorporated
while preserving the analytic properties and the UV completion require to consider the evolution
of the confinement scale 𝜅 following the substitution 𝜅2 → 𝜅2 𝑓 (𝑢) ≡ 𝜅(𝑢) with 𝑓 (𝑢) a scaling
factor. The scaling properties are compatible with the introduction of branch cuts in the time-like
domain of the complex plane, with no overlapping singularities in the space-like domain, therefore
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preserving the flow of singularities and the maximal analyticity properties in the space-like domain
found in [31]. The model requires the introduction of three heavy quark weight coefficients 𝐶𝑞,
which are strongly constrained by asymptotic sum rules. As a result, one obtains the all-scales
result shown in Fig. 1 (right).

5. Concluding Remarks and Outlook

We have presented an overview of QCD dynamics across energy scales from the perspective of
light-front holography, analyticity, and QCD ultraviolet boundary conditions. Describing physics
over such vastly different regimes requires relating complementary methods and concepts, ranging
from the coherent, low-virtuality Regge-limit domain –where holographic QCD provides mean-
ingful results– to the incoherent, high-virtuality Bjorken-limit domain of deep inelastic scattering,
where perturbative QCD applies successfully. Bridging these two domains requires enforcing
analyticity and ultraviolet completion in physical amplitudes, which is essential for a meaningful
comparison with experimental observations. Within this framework, Regge theory, together with
pre-QCD concepts such as Veneziano duality, becomes increasingly intertwined with fundamental
QCD. The introduction of an effective superconformal symmetry requires the emergence of a mass
scale in the theory and uniquely fixes the confining potential. These key elements are not imposed
phenomenologically, but instead follow from the effective symmetries of the model.

We have shown how these concepts can be applied to a specific problem, namely the nonper-
turbative description of the effective QCD coupling across all scales. Similar considerations have
been applied successfully to the description of hadron form factors and quark and gluon distribution
functions, and will be discussed elsewhere along the lines developed in this article.

The theoretical inevitability of introducing a mass scale starting from the QCD Lagrangian,
however, remains an open question. From an analytic point of view, QCD is directly applicable
at very large 𝑄2, where nonperturbative elements –such as the mass scale– are decoupled at order
4𝜅2/𝑄2. Sensible answers must therefore take into account the analytic bridge between these two
domains, providing a coherent analytic understanding of nonperturbative phenomena in the absence
of a formal proof of confinement.
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