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Hadrons in AdS/QCD
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Motivation

» Hadrons are bounded states of quarks and
gluons.

» Hadrons are direct evidence of confinement.

» Hadron masses are organized in taxonomic
structures called Regge trajectories.

» Hadronic spectroscopy is non-perturbative.

» Non-holo. approaches to hadron
spectroscopy:

Relativistic and non-relativistic potential

models.

— Bethe-Salpeter equation.

— Light-cone QCD.

— Lattice QCD.

Figure: Cartoon describing mesons and
baryons
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https://inspirehep.net/literature/317049
https://inspirehep.net/literature/317049
https://inspirehep.net/literature/35367
https://inspirehep.net/literature/443682
https://inspirehep.net/literature/1094571

Hadrons in AdS/QCD

» Gauge/gravity duality: hadrons are
nonperturbative boundary objects dual
to bulk fields.

O [0) =« |p)

with operator creating hadrons O
defined as

O = f(Q7(j7G,ul/aDM)
dimO = Ap+L+7y

Miguel Angel Martin Contreras

> Field Operator duality:
dim O < dimy(z,q) = A

Bulk field: p-form in AdSs
Ay(z,q) = Ap(q) ¥(2,q) with mass Ms.

w(za Q)|z4>0 = C zA—p
See Polchinski 2002.
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https://inspirehep.net/literature/596584

Hadrons in AdS/QCD

» Hadronic identity:
From p-form EOMs:

1-8 1
T:A—p = T+§ (1—,3)2+4M3+2R2,

8 = —-3+2p
We get the master formula for defining hadrons in AdS/QCD:
MZR*= (A —p)(A+p—4) (1)

» Observations:
— Hadron spin S is equivalent to p-form index p.
— OPE twist 7 = dim O — S. See Wise’s lecutures, 1999.
— Holographic hadrons usually written in S-wave, i.e., L = 0. (See Branz et al., 2010).
— For fermionic expression, a similar procedure is to get a fermionic bulk mass expression.
— Similar expressions for LFHQCD (See Brodsky 2009).
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https://inspirehep.net/literature/454444
https://inspirehep.net/literature/864051
https://inspirehep.net/literature/797866

Hadronic Identity

» Hadrons in AdS/QCD are normalizable
modes labeled by their bulk mass.

» From OPE and QCD sum rules, we can
write a general expression ( Vega, 2010)

MZR* = (Ao+L+v—p)(Ao+L+v+p—4)
A¢ — info. from hadron constituents.
— angular momentum.
v — anomalous dimension.

» Observations: Hadrons are not
univocally defined.
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https://inspirehep.net/literature/803712

Hadronic Identity

’ Scalar hadrons H Vector hadrons H Spin 1/2 hadrons ‘
[ Q(mG)  [A ] (QmG) [ Ae] (nQ)(mG) DA |
(2Q) 3 (2Q) 3 (3Q) 9/2
(2G) 4 (2Q)(1G) 5 | (1Q)(3G) or (3Q)(1G)-| 13/2
(2Q)(1G) 5 (4Q) or (3G) 6 (5Q) 15/2
(4Q) 6 (2Q)(2G) 7 (3Q)(2G) 17/2
(2Q)(2G) 7 (4Q)(1G) 8 (5Q)(1G) 19/2
(4Q)(1G) or (4G) | 8 || (6Q) or (2Q)(3G) | 9 (3Q)(3G) or (7Q)  |-21/2
(6Q) or 2Q)3G) | 9 || (5G) or (4Q)(2G) | 10 (5Q)(2G) 23/2

Table: Possible hadronic states composed by n quarks (or antiquarks) and m gluons and their
conformal dimensions. To know the corresponding value of the associated bulk mass, solve the
equation of motion for the bulk fields, and compute the low z limit to see how the fields scale. This
scaling is the conformal dimension defined in terms of the bulk mass. Invert the relation, and you
will find the expected Mgto = Mgi2(A) relation.
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AdS/QCD a la bottom-up in a nutshell

» Motivation: confinement.

Dilaton field ®(z) in the bulk action.
— Geometry deformation h(z), i.e., AdS warp factor A(z) =log(R/z) + h(z), h(z — 0) — 0.

Both induce bounded spectra in AdS space.
» How? Using the Schrodinger-like potential:

1 1 M2 R?
— B2 _-RB" 5 h(z) 9
V(e) = (B~ 3 B'(2) + o), (2
with B(z) = ®(2) + B [logZ + Lh(z)).
» For linear Regge trajectories (KKSS for example):
A 9 .
Viz) = 2 + B z° + C + corrections

» Holographic hadron masses (M?2) are eigenvalues of V(z) in a Schrodinger-like
potential.
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https://inspirehep.net/literature/711286

Hadron Mass spectrum

Softwall Model Vector Meson Potential SWM Holographic Regge Trajectory Vs Experiment

ER ]

Meson Mass Squared (GeV?)

Holographic Potential (Energy?)

Excitation number ()

Holographic coordinate

Figure: p meson Regge Trajectory.
Figure: Holographic potential .

» Linearity is controlled by the high-z

> Regge trajectories emerge as eigenvalue behavior of V(z). Example:
spectrum of V(z). - I]\{;Qrdwal; model (see Boschi-Filho, 2002):
Loen”.

~ Softwall model (see KKSS, 2006): M2 « n
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https://inspirehep.net/literature/594716
https://inspirehep.net/literature/711286

Dilaton Engineering
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Dilaton/deformation Reconstruction

Given a phenomenological structure for V(z), it is possible to infer ®(z) or h(z).

V(e) = § @GP+ E) + 8K () () — 5 [2"(2) + AH'()]
2 P2 2h(z) _ 2
D e ey REEE 22T

> Low z region of the potential is dominated by the AdS warp factor.

» High z region is dominated by ®(z) or h(z).

» WKB analysis from the eigenvalue spectrum can be used to define a
phenomenological potential. (Schrédinger inverse problem.)
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WKB analysis

» From a eigenvalue spectrum M2(n), we can calculate the potential at high z (turning

point):
v 2
dM
z(V ——2/ S ————
¥) o M\ M2

» Compute the dilaton and deformation as

[@(2)* + B2 h'(2)?] +%B W(2) ()1 [0"(2) + B 1" (2)] —% (81 (2)

V()]0 = ;

Z—00

> =

» Build the full potential by adding the low-z part.

» Compute the holographic eigenspectrum.
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Example: Softwall model

» Let us consider linear Regge Trajectories: M2 = a(n + b).
> WKB:

Vi dM? a?
(V) = 2 _er V1/2 -V 52
V) /0 a\/V—M (2) = 16°

» Solve for the dilaton field ®(z) with § = —1 (Vector mesons) and h(z) =0,

Cla) * = i@'(z)2 _ %@"(z) + %i’/(z) = @(2) = 1 — 2log [cosh (522 ~ 205 )

» Fix ¢; = 0 and ¢y = oo, after some algebra:
®(z) = —2log [cosh %22 — sinh %22} = 2log (e_%z2> = %zQ = k2?22
» For vector mesons a = 4 k?:
M? =a(n+b) = M? = 45*(n +b)
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Deep Learning for Hadronic spectrum
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Motivation

» Hadrons are not univocally defined in AdS/QCD. How can be extended the model?

» Can hadronic inner structure information be captured in other bulk structures?

Try to solve V(z) for different dilatons and deformations to match non-¢q ¢ masses, starting
from a proposed spectrum (Experiment, Lattice QCD, or other non-holographic models).

» This idea has been explored using the following:
— Shifted bulk mass, Branz et. al, 2010.
— Anomalous dimensions for glueballs, Braga and Boschi-Filho, 2012.
— Generalized SWM, Afonin, 2013.
— Anomalous dimensions for pseudoscalar and axial mesons, Martin et. al, 2019.
— Deformed AdS, Capposouli et. al, 2019.
— Non-linear Regge trajectories, Martin and Vega, 2021
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https://inspirehep.net/literature/864051
https://inspirehep.net/literature/1127342
https://inspirehep.net/literature/1191453
https://inspirehep.net/literature/1705492
https://inspirehep.net/literature/1725180
https://inspirehep.net/literature/1792145

DL proposal

Main goal
Following Hashimoto’s works (2018, 2021) works, it is possible to train a neural network
(NN) to solve Schrédinger inverse problem to find dilatons or deformation suitable to
model hadronic mass spectrum.

» DL methods can define parameter spaces for ODEs solutions.

» DL are suitable to be used to background reconstruction.

Methodology

» Using experimental Regge trajectories data to train a NN (torch or tensorflow) to
solve a Schrodinger-like potential to compute ¢(z) and h(z) as parametric function
families.

> To set the parameter space.

» To compute other hadronic species as non-q g states (for example, tetraquarks).
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https://inspirehep.net/literature/1695918
https://inspirehep.net/literature/1907136
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