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• Color confinement: Quarks and Gluons permanently confined in hadrons!

• Origin of the hadron mass scale: what determines the proton mass?

• Pion is a quark-antiquark bound state, but it is massless if the quark mass is zero!

• The QCD coupling at all scales, beyond asymptotic freedom

• How does one set the renormalization scale? QCD —> QED if Nc —> 0

• Poincare invariance: Physics independent of observer motion — no Lorentz contraction!

• Causality: No correlations exceeding the speed of light

• Relativity: Relativistic Bound State Dynamics

• Mesons and Baryons display supersymmetry!

• Exotic Phenomena: Color Transparency, Intrinsic Charm, Hidden Color, Exotic Hadrons 
(Octoquark)

• Cosmological Constant is Zero!

Remarkable, Fundamental Features of Hadrons, Nuclei

Light-Front Dynamics
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Foundations of Light-Front 
Holography

• The QCD Lagrangian for mq =0 has no mass scale.  

• What determines the hadron mass scale? 

• DAFF principle: add terms linear in D and K to Conformal 
Hamiltonian:  Mass scale κ appears, but action remains scale 
invariant —> unique harmonic oscillator potential 

• Apply DAFF to the Poincare’ invariant LF Hamiltonian: Unique 
color-confining potential

• Fixes AdS5 dilaton: predicts Spin and Spin-Orbit Interactions

• Apply DAFF to Superconformal representation of the Lorentz group

• Predicts Meson, Baryon, Tetraquark spectroscopy, dynamics

• Supersymmetric Features of Spectrum
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An analytic first approximation to QCD

• As Simple as Schrödinger Theory in Atomic Physics 

• LF radial variable  ζ conjugate to invariant mass squared 

• Relativistic, Frame-Independent, Color-Confining 

• Unique confining potential! 

• QCD Coupling at all scales: Essential for Gauge Link phenomena 

• Hadron Spectroscopy and Dynamics from one parameter  

• Wave Functions, Form Factors, Hadronic Observables, 
Constituent Counting Rules 

• Insight into QCD Condensates: Zero cosmological constant! 

• Systematically improvable with DLCQ-BLFQ Methods

AdS/QCD + Light-Front Holography 



Light-Front Holography  

AdS/QCD 
Soft-Wall  Model 

Conformal Symmetry 
of the action  

U(⇣) = 4⇣2 + 22(L + S � 1)

Exploring QCD, Cambridge, August 20-24, 2007 Page 9

Confinement scale:   

Light-Front Schrödinger Equation

�
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2

Unique 
Confinement Potential!

de Tèramond, Dosch, Lorcè, sjb

• de Alfaro, Fubini, Furlan: 
Scale can appear in Hamiltonian and EQM 

without affecting conformal invariance of action!

 ' 0.5 GeV

• Fubini, Rabinovici  

e'(z) = e+2z2

Single variable  ζ

[� d2

d⇣2 + 4L2�1
4⇣2 + U(⇣2)] = M2 



Light Front Dynamics and Holography
 Stan Brodsky

M a y  2 6 - 3 0 ,  2 0 1 4

Home International Light Cone Advisory Committee NC State Physics Jefferson Lab NC State College of Sciences

N a v i g a t i o n

Final Circular
Program
Registration
Accommodations
Travel
Poster
Participants
Scientific Advisory
Comm

Meeting Email: 
LightCone2014 'at' ncsu.edu
For questions and further
information about the
meeting.

N e w s  &  U p d a t e s

R a l e i g h ,  N C

Things to do in Raleigh
Visit Raleigh
Downtown Raleigh
Visit the NC Triangle

R a l e i g h ,  N C ,  U S A

W e l c o m e  t o  L i g h t  C o n e  2 0 1 4

We invite you to participate in the
forthcoming Light Cone 2014 (LC2014)
meeting, to be held in Raleigh, North Carolina,
during May 26-30, 2014.

In anticipation of opportunities afforded by new facilities such
as the 12 GeV upgrade of Jefferson Lab, the FAIR facility at GSI,
J-PARC, and other facilities around the globe, we plan to
organize a timely scientific program to make a representative
impact on the forefront research development of nuclear,
hadron and particle physics. A main focus of the meeting will be
the interface between theory and experiment in hadron physics.
We encourage many young physicists to join and actively discuss
with the world experts participating in this meeting.

L o c a l  O r g a n i z i n g  C o m m i t t e e

Chueng Ji - NCSU Workshop Chair
Wally Melnitchouk - JLab
Haiyan Gao - Duke University
Dean Lee - NCSU
Thomas Schäfer - NCSU
Mithat Ünsal - NCSU
John Blondin - NCSU
Leslie Cochran and Rhonda Bennett - Administrative Support

M e e t i n g  S p o n s o r s

NC State Department of Physics
NC State College of Sciences
Jefferson Lab

contact | Department of Physics | College of Sciences | North Carolina State University

September 21 2013

LC2014 Registration
opens October 1, 2013.

May 21 2013

LC2014-Raleigh was
formally approved at the
ILCAC Meeting in

2/16/19, 2(46 PMEvent at Galileo Galilei Institute

Page 1 of 2https://www.ggi.infn.it/showevent.pl?id=314

Home > Schools > School

School

Frontiers in Nuclear and Hadronic Physics 2019

Feb, 25 2019 - Mar, 08 2019 

Abstract 
The school is primarily addressed to Ph.D. students in Theoretical Nuclear and Hadron
Physics. Participation of experimentalists and post-docs is also encouraged. The 2019
edition will be devoted to Hadron Physics, and it will provide a pedagogical introduction to
the basic concepts and tools needed for carrying out cutting-edge research in Continuum
QCD (non-perturbative QCD), Hadron and Exotic Spectroscopy
(Tetraquarks,Pentaquarks,Hybrids), Light-Front Dynamics and Holography, Amplitude-
analysis theoretical tools and Electron-Ion Collider physics. The aim will be both to stress
the intimate connections among those fields and to give much attention to the
interpretation of experimental data, within framework based on ab initio or more
phenomenological approaches. 

Topics 
Stanley J. Brodsky (SLAC Natl. Accelerator Lab.): Light-Front Dynamics and
Holography
Abhay Deshpande (Stony Brook Univ. & Brookhaven Natl. Lab.): Electron-Ion Collider
physics
Craig D. Roberts (Argonne Natl. Lab.): Continuum-QCD in non perturbative regime 
Adam P. Szczepaniak (Indiana Univ. & JPAC@JLAB): Hadron spectroscopy and
Amplitude-analysis theoretical tools
Bing-⁠Song Zou (Inst. Theo. Phys. Chinese Academy of Sciences): Hadron and Exotic
Spetroscopy

Organizers 
Francesco Becattini (University and INFN, Firenze)
Ignazio Bombaci (University and INFN, Pisa)
Angela Bonaccorso (INFN, Pisa)

Home

Workshops

Schools

Other Events

Activity Planner

Weekly
Participants

Guidelines for
conferences and
miniprograms

Simons Grants

Long Term Visits

Apply to GGI
Events

Calls for
Workshops

Visit Info

Facilities

Staff

Photo Galleries

Administration

Underlying Principles

• Poincarè Invariance: Independent of the observer’s Lorentz frame  

• Quantization at Fixed Light-Front Time 

• Causality: Information within causal horizon 

• Light-Front Holography: AdS5 = LF (3+1) 

• Single fundamental hadronic mass scale κ: but retains the 
Conformal Invariance of the Action (dAFF)!  

• Unique dilaton and color-confining LF Potential! 

• Superconformal Algebra:  Mass Degenerate 4-Plet:

U(⇣2) = 4⇣2

Meson qq̄ $ Baryon q[qq] $ Tetraquark [qq][q̄q̄]

z $ ⇣ where ⇣2 = b2?x(1� x)
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Superconformal Algebra
2X2 Hadronic Multiplets

&%
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Figure 1: The supersymmetric quadruplet {�M , B+, B�,�T }. Open circles represent
quarks, full circles antiquarks. The tetraquark has the same mass as its baryon partner in the
multiplet. Notice that the LF angular momentum of the negative-chirality component wave
function of a baryon  B� is one unit higher than that of the positive-chirality (leading-twist)
component  B+.

spinor wavefunction  B+ and  B�, plus two bosonic wave functions, namely the meson

�B and the tetraquark �T . These states can be arranged as a 2⇥ 2 matrix:

 
�M(LM = LB + 1)  B�(LB + 1)

 B+(LB) �T (LT = LB)

!
, (21)

on which the symmetry generators (1) and the Hamiltonian (17) operate 9.

According to this analysis, the lowest-lying light-quark tetraquark is a partner of

the b1(1235) and the nucleon; it has quantum numbers I, J
P = 0, 0+. The partners of

the a2(1320) and the �(1233) have the quantum numbers I = 0, JP = 1+. Candidates

for these states are the f0(980) and a1(1260), respectively.

2.4 Inclusion of quark masses and comparison with experiment

We have argued in [11] that the natural way to include light quark masses in the

hadron mass spectrum is to leave the LF potential unchanged as a first approximation

and add the additional term of the invariant mass �m
2 =

P
n

i=1
m

2
i

xi
to the LF kinetic

energy. The resulting LF wave function is then modified by the factor e
� 1

2��m
2
, thus

providing a relativistically invariant form for the hadronic wave functions. The e↵ect of

the nonzero quark masses for the squared hadron masses is then given by the expectation

value of �m
2 evaluated using the modified wave functions. This prescription leads to

9It is interesting to note that in Ref. [20] mesons, baryons and tetraquarks are also hadronic states
within the same multiplet.

12

Meson Baryon

Tetraquark

Proton: quark + scalar diquark |q(qq) >
(Equal weight: L = 0, L = 1)

Baryon

Bosons, Fermions with Equal Mass!



HQED

Coupled Fock states

Effective two-particle equation
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We compute the three-loop corrections to the potential of two heavy quarks. In particular we
consider in this Letter the purely gluonic contribution which provides in combination with the
fermion corrections of Ref. [1] the complete answer at three loops.

PACS numbers: 12.38.Bx, 14.65.Dw, 14.65.Fy, 14.65.Ha

The potential between two heavy quarks constitutes a
fundamental quantity in Quantum Chromodynamics. It
enters in a variety of physical processes like the thresh-
old production of top quark pairs and the description of
charm and bottom quark bound states. Furthermore, it
is crucial for the understanding of fundamental quantities
of QCD, such as confinement. (See Ref. [2] for a recent
review.)
The idea to describe a bound state of heavy coloured

objects in analogy to the well-established hydrogen atom,
goes back to the middle of the 1970s [3]. Shortly after-
wards, about 30 years ago, one-loop radiative corrections
have been evaluated in the works [4, 5]. It took almost 20
years until the next order became available [6–8] which,
at that time, was a heroic enterprize. The two-loop cor-
rections turned out to be numerically quite important
which triggered several investigations to go beyond. End
of last year the fermionic corrections to the three-loop
static potential have been completed [1, 9, 10]. In this
Letter we report about the pure gluonic part which com-
pletes the three-loop corrections to the static potential.
We present our results for the static potential in mo-

mentum space where it takes the form

V (|q⃗ |) =

−
4πCFαs(|q⃗ |)

q⃗ 2

[
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4π
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4π

)3 (

a3 + 8π2C3
A ln

µ2

q⃗ 2

)

+ · · ·

]

. (1)

Here, CA = Nc and CF = (N2
c − 1)/(2Nc) are the eigen-

values of the quadratic Casimir operators of the adjoint
and fundamental representations of the SU(Nc) colour
gauge group, respectively, and αs denotes the strong cou-
pling in the MS scheme. The one- and two-loop coeffi-
cients a1 [4, 5] and a2 [6–8, 11] are given in Eq. (4) of
Ref. [1] where also the higher order terms in ϵ, necessary
for the three-loop calculation, are presented. In Eq. (1)
we identify the renormalization scale µ2 and the momen-
tum transfer q⃗ 2. The complete dependence on µ can
easily be restored with the help of Eq. (2) of Ref. [1].
A new feature of the three-loop corrections to V (|q⃗ |)

is the appearance of infrared divergences [12] which is

FIG. 1: Sample diagrams contributing to the static potential
at tree-level, one-, two- and three-loop order. Solid and curly
lines represent quarks and gluons, respectively. In the case of
closed loops the quarks are massless; the external quarks are
heavy and treated in the static limit.

represented by the ln(µ2/q⃗ 2) term in Eq. (1). It has
been evaluated for the first time in Refs. [13, 14] (see also
Ref. [15]); in Eq. (1) we adopt the MS scheme which has
been used in Ref. [14]. Let us mention that the infrared
divergence cancels in physical quantities after including
the contribution where so-called ultrasoft gluons inter-
act with the heavy quark anti-quark bound state. An
explicit result can, e.g., be found in Ref. [14] where the
cancellation has been demonstrated in order to arrive at
the measurable energy levels of the heavy-quark system.
We note in passing that higher order logarithmic contri-
butions to the infrared behaviour of the static potential
have been computed in Refs. [16, 17].

Before presenting our results for a3 let us provide some
technical details. We generate the four-point quark anti-
quark amplitudes with the help of QGRAF [18]. Some sam-
ple diagrams up to three-loop order are shown in Fig. 1.
In a next step they are processed further with q2e and
exp [19, 20] where a mapping to the diagrams of Fig. 2 is
achieved. The mapping to two-point functions is possi-
ble since the only dimenionful quantity in our problem is
given by the momentum transfer between the quark and
the anti-quark. Although there is only one mass scale
in our problem technical complications arise from the
simultaneous presence of static lines (zigzag lines) and
relativistic propagators (solid lines) which significantly
increases the complexity of the reduction to master in-
tegrals. For this task we employ the program package
FIRE [21] in order to achieve a reduction to about 100 ba-
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old production of top quark pairs and the description of
charm and bottom quark bound states. Furthermore, it
is crucial for the understanding of fundamental quantities
of QCD, such as confinement. (See Ref. [2] for a recent
review.)
The idea to describe a bound state of heavy coloured

objects in analogy to the well-established hydrogen atom,
goes back to the middle of the 1970s [3]. Shortly after-
wards, about 30 years ago, one-loop radiative corrections
have been evaluated in the works [4, 5]. It took almost 20
years until the next order became available [6–8] which,
at that time, was a heroic enterprize. The two-loop cor-
rections turned out to be numerically quite important
which triggered several investigations to go beyond. End
of last year the fermionic corrections to the three-loop
static potential have been completed [1, 9, 10]. In this
Letter we report about the pure gluonic part which com-
pletes the three-loop corrections to the static potential.
We present our results for the static potential in mo-

mentum space where it takes the form
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values of the quadratic Casimir operators of the adjoint
and fundamental representations of the SU(Nc) colour
gauge group, respectively, and αs denotes the strong cou-
pling in the MS scheme. The one- and two-loop coeffi-
cients a1 [4, 5] and a2 [6–8, 11] are given in Eq. (4) of
Ref. [1] where also the higher order terms in ϵ, necessary
for the three-loop calculation, are presented. In Eq. (1)
we identify the renormalization scale µ2 and the momen-
tum transfer q⃗ 2. The complete dependence on µ can
easily be restored with the help of Eq. (2) of Ref. [1].
A new feature of the three-loop corrections to V (|q⃗ |)

is the appearance of infrared divergences [12] which is

FIG. 1: Sample diagrams contributing to the static potential
at tree-level, one-, two- and three-loop order. Solid and curly
lines represent quarks and gluons, respectively. In the case of
closed loops the quarks are massless; the external quarks are
heavy and treated in the static limit.

represented by the ln(µ2/q⃗ 2) term in Eq. (1). It has
been evaluated for the first time in Refs. [13, 14] (see also
Ref. [15]); in Eq. (1) we adopt the MS scheme which has
been used in Ref. [14]. Let us mention that the infrared
divergence cancels in physical quantities after including
the contribution where so-called ultrasoft gluons inter-
act with the heavy quark anti-quark bound state. An
explicit result can, e.g., be found in Ref. [14] where the
cancellation has been demonstrated in order to arrive at
the measurable energy levels of the heavy-quark system.
We note in passing that higher order logarithmic contri-
butions to the infrared behaviour of the static potential
have been computed in Refs. [16, 17].

Before presenting our results for a3 let us provide some
technical details. We generate the four-point quark anti-
quark amplitudes with the help of QGRAF [18]. Some sam-
ple diagrams up to three-loop order are shown in Fig. 1.
In a next step they are processed further with q2e and
exp [19, 20] where a mapping to the diagrams of Fig. 2 is
achieved. The mapping to two-point functions is possi-
ble since the only dimenionful quantity in our problem is
given by the momentum transfer between the quark and
the anti-quark. Although there is only one mass scale
in our problem technical complications arise from the
simultaneous presence of static lines (zigzag lines) and
relativistic propagators (solid lines) which significantly
increases the complexity of the reduction to master in-
tegrals. For this task we employ the program package
FIRE [21] in order to achieve a reduction to about 100 ba-
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The idea to describe a bound state of heavy coloured

objects in analogy to the well-established hydrogen atom,
goes back to the middle of the 1970s [3]. Shortly after-
wards, about 30 years ago, one-loop radiative corrections
have been evaluated in the works [4, 5]. It took almost 20
years until the next order became available [6–8] which,
at that time, was a heroic enterprize. The two-loop cor-
rections turned out to be numerically quite important
which triggered several investigations to go beyond. End
of last year the fermionic corrections to the three-loop
static potential have been completed [1, 9, 10]. In this
Letter we report about the pure gluonic part which com-
pletes the three-loop corrections to the static potential.
We present our results for the static potential in mo-

mentum space where it takes the form
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Here, CA = Nc and CF = (N2
c − 1)/(2Nc) are the eigen-

values of the quadratic Casimir operators of the adjoint
and fundamental representations of the SU(Nc) colour
gauge group, respectively, and αs denotes the strong cou-
pling in the MS scheme. The one- and two-loop coeffi-
cients a1 [4, 5] and a2 [6–8, 11] are given in Eq. (4) of
Ref. [1] where also the higher order terms in ϵ, necessary
for the three-loop calculation, are presented. In Eq. (1)
we identify the renormalization scale µ2 and the momen-
tum transfer q⃗ 2. The complete dependence on µ can
easily be restored with the help of Eq. (2) of Ref. [1].
A new feature of the three-loop corrections to V (|q⃗ |)

is the appearance of infrared divergences [12] which is

FIG. 1: Sample diagrams contributing to the static potential
at tree-level, one-, two- and three-loop order. Solid and curly
lines represent quarks and gluons, respectively. In the case of
closed loops the quarks are massless; the external quarks are
heavy and treated in the static limit.

represented by the ln(µ2/q⃗ 2) term in Eq. (1). It has
been evaluated for the first time in Refs. [13, 14] (see also
Ref. [15]); in Eq. (1) we adopt the MS scheme which has
been used in Ref. [14]. Let us mention that the infrared
divergence cancels in physical quantities after including
the contribution where so-called ultrasoft gluons inter-
act with the heavy quark anti-quark bound state. An
explicit result can, e.g., be found in Ref. [14] where the
cancellation has been demonstrated in order to arrive at
the measurable energy levels of the heavy-quark system.
We note in passing that higher order logarithmic contri-
butions to the infrared behaviour of the static potential
have been computed in Refs. [16, 17].

Before presenting our results for a3 let us provide some
technical details. We generate the four-point quark anti-
quark amplitudes with the help of QGRAF [18]. Some sam-
ple diagrams up to three-loop order are shown in Fig. 1.
In a next step they are processed further with q2e and
exp [19, 20] where a mapping to the diagrams of Fig. 2 is
achieved. The mapping to two-point functions is possi-
ble since the only dimenionful quantity in our problem is
given by the momentum transfer between the quark and
the anti-quark. Although there is only one mass scale
in our problem technical complications arise from the
simultaneous presence of static lines (zigzag lines) and
relativistic propagators (solid lines) which significantly
increases the complexity of the reduction to master in-
tegrals. For this task we employ the program package
FIRE [21] in order to achieve a reduction to about 100 ba-
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at tree-level, one-, two- and three-loop order. Solid and curly
lines represent quarks and gluons, respectively. In the case of
closed loops the quarks are massless; the external quarks are
heavy and treated in the static limit.

represented by the ln(µ2/q⃗ 2) term in Eq. (1). It has
been evaluated for the first time in Refs. [13, 14] (see also
Ref. [15]); in Eq. (1) we adopt the MS scheme which has
been used in Ref. [14]. Let us mention that the infrared
divergence cancels in physical quantities after including
the contribution where so-called ultrasoft gluons inter-
act with the heavy quark anti-quark bound state. An
explicit result can, e.g., be found in Ref. [14] where the
cancellation has been demonstrated in order to arrive at
the measurable energy levels of the heavy-quark system.
We note in passing that higher order logarithmic contri-
butions to the infrared behaviour of the static potential
have been computed in Refs. [16, 17].

Before presenting our results for a3 let us provide some
technical details. We generate the four-point quark anti-
quark amplitudes with the help of QGRAF [18]. Some sam-
ple diagrams up to three-loop order are shown in Fig. 1.
In a next step they are processed further with q2e and
exp [19, 20] where a mapping to the diagrams of Fig. 2 is
achieved. The mapping to two-point functions is possi-
ble since the only dimenionful quantity in our problem is
given by the momentum transfer between the quark and
the anti-quark. Although there is only one mass scale
in our problem technical complications arise from the
simultaneous presence of static lines (zigzag lines) and
relativistic propagators (solid lines) which significantly
increases the complexity of the reduction to master in-
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1 The Holographic Correspondence

• In the “ semi-classical” approximation to QCD with massless quarks and no quantum loops the �

function is zero, and the approximate theory is scale and conformal invariant.

• Isomorphism of SO(4, 2) of conformal QCD with the group of isometries of AdS space

ds2 =
R2

z2
(⇥µ⇥dxµdx⇥ � dz2).

• Semi-classical correspondence as a first approximation to QCD (strongly coupled at all scales).

• xµ ⇤ ⇤xµ, z ⇤ ⇤z, maps scale transformations into the holographic coordinate z.

• Different values of z correspond to different scales at which the hadron is examined: AdS boundary at

z ⇤ 0 corresponds to the Q⇤⌅, UV zero separation limit.

• There is a maximum separation of quarks and a maximum value of z at the IR boundary

• Truncated AdS/CFT (Hard-Wall) model: cut-off at z0 = 1/�QCD breaks conformal invariance and

allows the introduction of the QCD scale (Hard-Wall Model) Polchinski and Strassler (2001).

• Smooth cutoff: introduction of a background dilaton field ⌅(z) – usual linear Regge dependence can

be obtained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).

Changes in 
physical

length scale 
mapped to 

evolution in the 
5th dimension z 
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AdS/QCD G. F. de Téramond

Scale Transformations

• Isomorphism of SO(4, 2) of conformal QCD with the group of isometries of AdS space

SO(1, 5)

ds2 =
R2

z2
(�µ⇥dxµdx⇥ � dz2),

xµ ⇤ ⇥xµ, z ⇤ ⇥z, maps scale transformations into the holographic coordinate z.

• AdS mode in z is the extension of the hadron wf into the fifth dimension.

• Different values of z correspond to different scales at which the hadron is examined.

x2 ⇤ ⇥2x2, z ⇤ ⇥z.

x2 = xµxµ: invariant separation between quarks

• The AdS boundary at z ⇤ 0 correspond to theQ⇤⌅, UV zero separation limit.

Caltech High Energy Seminar, Feb 6, 2006 Page 11

invariant measure

AdS/CFT
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•Soft-wall dilaton profile breaks 
conformal invariance

•Color Confinement

•Introduces confinement scale

•Uses AdS5 as template for conformal 
theory

e'(z) = e+2z2

Dilaton-Modified AdS/QCD



AdS Soft-Wall Schrodinger Equation for  
bound state  of  two scalar constituents:

Derived from variation of Action for Dilaton-Modified 
AdS5 

Identical to Light-Front Bound State Equation! 

U(z) = �4z2 + 2�2(L + S � 1)

• Dosch, de Teramond, sjbPositive-sign dilaton

⇥
� d2

dz2
� 1� 4L2

4z2
+ U(z)

⇤
�(z) =M2�(z)

⌅(x,�b⇤) = ⌅(⇥)

⇤(z)

⇥ =
�

x(1� x)�b2⇤

z

z�

z0 = 1
⇥QCD

�d⇥ np

⌅(x,�b⇤) = ⌅(⇥)

⇤(z)

⇥ =
�

x(1� x)�b2⇤

z

z�

z0 = 1
⇥QCD

�d⇥ np

e'(z) = e+2z2
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⇤(z)
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�
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z
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LF(3+1)                AdS5

Light-Front Holography: Unique mapping derived from equality of LF and 
AdS  formula for EM and gravitational current matrix elements and 

identical equations of motion

⇤(x, �) =
�

x(1� x)��1/2⇥(�)

de Teramond, sjb

(µR)2 = L2 � (J � 2)2

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u



Light-Front Holography  

AdS/QCD 
Soft-Wall  Model 

Conformal Symmetry 
of the action  

U(⇣) = 4⇣2 + 22(L + S � 1)

Exploring QCD, Cambridge, August 20-24, 2007 Page 9

Confinement scale:   

Light-Front Schrödinger Equation

�
� d2

d2�
+ V (�)

⇥
=M2⇥(�)

�
� d2

d�2 + V (�)
⇥
=M2⇥(�)

�2 = x(1� x)b2
⇥.

Jz = Sz
p =

⇤n
i=1 Sz

i +
⇤n�1

i=1 ⌥z
i = 1

2

each Fock State

Jz
p = Sz

q + Sz
g + Lz

q + Lz
g = 1

2

Unique 
Confinement Potential!

de Tèramond, Dosch, Lorcè, sjb

• de Alfaro, Fubini, Furlan: 
Scale can appear in Hamiltonian and EQM 

without affecting conformal invariance of action!

 ' 0.5 GeV

• Fubini, Rabinovici  

e'(z) = e+2z2

Single variable  ζ

[� d2

d⇣2 + 4L2�1
4⇣2 + U(⇣2)] = M2 



G. de Teramond, H. G. Dosch, sjb 

U(⇣2) = 4⇣2 + 22(J � 1)

z ! ⇣

Pion: Negative term  for J=0 cancels 
positive terms from LFKE and potential
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Trinity College, Dublin, 20 October 2015
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Orbital and Radial Pseudoscalar and Vector Meson Excitations
M2(n,L, S) = 42(n + L + S/2)



Universal Hadronic Features

• Universal quark light-front kinetic energy 

• Universal quark light-front potential energy 

• Universal Constant Term

�M2
LFKE = 2(1 + 2n + L)

�M2
LFPE = 2(1 + 2n + L)

M2 = �M2
LFKE + �M2

LFPE + �M2
spin

M2
spin = 22(S + L� 1 + 2ndiquark )

Equal: 
Virial 

Theorem!

+ <
X

i

m2
i

xi
>
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Remarkable Features of  
Light-Front Schrödinger Equation

•Relativistic, frame-independent

•QCD scale appears - unique LF potential

•Reproduces spectroscopy and dynamics of light-quark hadrons with one 
parameter

•Zero-mass pion for zero mass quarks!

•Regge slope same for n and L  -- not usual HO

•Splitting in L persists to high mass   -- contradicts conventional wisdom 
based on breakdown of chiral symmetry

•Phenomenology: LFWFs, Form factors, electroproduction

•Extension to heavy quarks

U(⇣) = 4⇣2 + 22(L + S � 1)

Dynamics + Spectroscopy! 



A.P. Trawinski, S.D. Glazek, H. D. Dosch, G. de Teramond, sjb

Connection to the Linear Instant-Form Potential

Linear instant nonrelativistic form V (r) = Cr for heavy quarks

Harmonic Oscillator U(⇣) = 4⇣2 LF Potential for relativistic light quarks



Structure of the Vacuum in Light-Front Dynamics

• Compare invariant mass in the instant-form in the hadron center-of-mass system P = 0,

M2
qq = 4m2

q + 4p2

with the invariant mass in the front-form in the constituent rest frame, kq + kq = 0

M2
qq =

k2
? + m2

q

x(1� x)

obtain

U = V 2 + 2
q

p2 + m2
q V + 2 V

q
p2 + m2

q

where p2
? = k2

?
4x(1�x) , p3 = mq(x�1/2)p

x(1�x)
, and V is the effective potential in the instant-form

• For small quark masses a linear instant-form potential V implies a harmonic front-form potential U

and thus linear Regge trajectories

[A. P. Trawiński, S. D. Glazek, S. J. Brodsky, GdT, H. G. Dosch, arXiv: 1403.5651]

Niccolò Cabeo 2014, Ferrara, May 20, 2012
Page 19

Connection to the Linear Instant-Form Potential

A.P. Trawinski, S.D. Glazek, H. D. Dosch, G. de Teramond, sjb



Prediction from AdS/QCD: Meson LFWF
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qq̄ components.

The simple valence qq̄ model discussed above should thus be modified at small Q2

by introducing the dressed current. In the case of soft-wall potential, the EM bulk-to-

boundary propagator is

V (Q2, z) = �

⇤
1 +

Q2

4�2

⌅
U

⇤
Q2

4�2
, 0, �2z2

⌅
, (17)

where U(a, b, c) is the Tricomi confluent hypergeometric function. The modified current

V (Q2, z), (17), has the same boundary conditions as the free current (9), and reduces to

(9) in the limit Q2 ⇥ ⇤. Eq. (17) can be conveniently written in terms of the integral

representation [33]

V (Q2, z) = �2z2

⇧ 1

0

dx

(1� x)2
x

Q2

4�2 e�⇥2z2x/(1�x). (18)

Inserting the pion wave function (5) for twist ⇤ = 2 and the confined EM current (18)

in the amplitude (3) one finds

F⇤�(Q
2) =

Pqq̄

⇥2f⇤

⇧ 1

0

dx

(1 + x)2
xQ2Pqq̄/(8⇤2f2

⇥). (19)

Eq. (19) gives the same value for F⇤�(0) as (14) which was obtained with the free current.

Thus the anomaly result F⇤�(0) = 1/(4⇥2f⇤) is reproduced if Pqq̄ = 0.5 is also taken in

(19). Upon integration by parts, Eq. (19) can also be written as

Q2F⇤�(Q
2) = 8f⇤

⇧ 1

0

dx
1� x

(1 + x)3

�
1� xQ2Pqq̄/(8⇤2f2

⇥)
⇥

. (20)

Noticing that the second term in Eq. (20) vanishes at the limit Q2 ⇥ ⇤, one recovers

Brodsky-Lepage’s asymptotic prediction for the pion TFF: Q2F⇤�(Q2 ⇥⇤) = 2f⇤. [11]

The results calculated with (19) for Pqq̄ = 0.5 are shown as dashed curves in Figs. 1

and 2. One can see that the calculations with the dressed current are larger as compared

with the results computed with the free current and the experimental data at low- and

medium-Q2 regions (Q2 < 10 GeV2). The new results again disagree with BABAR’s data

at large Q2.

11

Lepage, sjb
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where c is the dimensionless normalization factor

c�2 =
� 1

0
dx e

� 1
�2

„
m2

1
x +

m2
2

1�x

«

. (5)

The Fourier transform of (4) is the impact space LFWF

 ⌥(x,b⇥) =
c ⇥ 

⌅

⌦
x(1� x) e�

1
2 �2⇥2

, (6)

where the invariant quantity ⌃ is

⌃2 = x(1� x)b2
⇥ +

1
⇥4

⇤
m2

1

x
+

m2
2

1� x

⌅
. (7)

Impact space holographic LFWFs for the ⌅, K, D, �c, B
and �b mesons are depicted in Fig. 1.

The non-perturbative input to hard exclusive processes
and heavy hadron decays can be computed in terms of
gauge invariant hadronic distribution amplitudes (DAs),
which describe the momentum-fraction distribution of
partons at zero transverse impact distance in a Fock
state with a fixed number of constituents. The me-
son DA is computed from the transverse integral of the
valence quark light-front wavefunction in the light-cone
gauge [17]

⇧M (x,Q) =
� k2

⇥<Q2
d2k⇥
16⌅3

⌥M (x,k⇥), (8)

and thus ⇧(x) ⇥ ⇧(x,Q ⌅ ⇧) ⌅  ⌥(x,b⇥ ⌅ 0)/
 

4⌅.
From (6) we obtain the holographic distribution ampli-
tude ⇧(x)

⇧M (x) =
c ⇥

2⌅

⌦
x(1� x) e

� 1
2�2

»
m2

1
x +

m2
2

1�x

–

, (9)

in the soft wall model. The distribution amplitudes for
the ⌅, K, D, �c, mesons are shown in Fig. 2. Predictions
for the first and second moment of the meson distribution
amplitude

⌥⇤N �M =

⌥ 1
�1 ⇤N⇧M (⇤)
⌥ 1
�1 ⇧M (⇤)

, (10)

and comparison with available lattice computations are
given on Table I . In the chiral limit, the AdS distribu-
tion amplitude ⇧AdS(x) ⇤

⌦
x(1� x) gives for the second

moment ⌥⇤2�AdS ⌅ 1/4, compared with the asymptotic
value ⌥⇤2�PQCD ⌅ 1/5 from the PQCD asymptotic DA
⇧PQCD(x) ⇤ x(1� x) [17] .

...............

III. PARTONIC MASS SHIFT

We compute the partonic mass shift contribution to a
meson due to the constituents quark masses [21]

M2 =M2
massless +

⇧
m2

1

x

⌃
+
⇧

m2
2

1� x

⌃
, (11)

FIG. 1: Two-parton flavored meson holographic LFWF
⌅(x,b�): (a) |⇤+� = |ud�, (b) |K+� = |us�, (c) |D+� = |cd�,
(d) |�c� = |cc�, (e) |B+� = |ub� and (f) |�b� = |bb�. Values
for the quark masses used are mu = 2 MeV, md = 5 MeV,
ms = 95 Mev, mc = 1.25 GeV and mb = 4.2 GeV. The value
of ⇥ = 0.375 GeV is extracted from the pion form factor [16].

for the holographic LFWF (4). Results for the partonic
mass shift contribution �M =

�
M2 �M2

massless

⇥1/2 are
compared with hadronic masses on Table II.

.....

IV. CONCLUSIONS

..........
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Holographic Mapping of AdS Modes to QCD LFWFs

• Integrate Soper formula over angles:

F (q2) = 2⇥

⇧ 1

0
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�d�J0

⇥
�q
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1� x

x

⇤
⇤̃(x, �),

with ⌃⇤(x, �) QCD effective transverse charge density.

• Transversality variable
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x
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• Compare AdS and QCD expressions of FFs for arbitrary Q using identity:

⇧ 1

0
dxJ0

⇥
�Q

⌥
1� x

x

⇤
= �QK1(�Q),

the solution for J(Q, �) = �QK1(�Q) !

Exploring QCD, Cambridge, August 20-24, 2007 Page 35
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Current Matrix Elements in AdS Space (SW)

• Propagation of external current inside AdS space described by the AdS wave equation
⇤
z2⇧2

z � z
�
1 + 2�2z2

⇥
⇧z �Q2z2

⌅
J�(Q, z) = 0.

• Solution bulk-to-boundary propagator

J�(Q, z) = �
⇧

1 +
Q2

4�2

⌃
U

⇧
Q2

4�2
, 0, �2z2

⌃
,

where U(a, b, c) is the confluent hypergeometric function

�(a)U(a, b, z) =
⌥ ⇥

0
e�ztta�1(1 + t)b�a�1dt.

• Form factor in presence of the dilaton background ⇥ = �2z2

F (Q2) = R3
⌥

dz

z3
e��2z2

⇥(z)J�(Q, z)⇥(z).

• For large Q2 ⇤ 4�2

J�(Q, z)⌅ zQK1(zQ) = J(Q, z),

the external current decouples from the dilaton field.
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Negative Dilaton Background exp (��2z2)

Form Factor in negative dilaton background:

[SJB and GdT, PRD 77, 056007(2008)]
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which is expressed as a N �1 product of poles, corresponding to the first N �1 states along

the vector meson radial trajectory.

Mass spectrum of radial excitations:

M2
n = 4�2(n + 1) (4)

Negative dilaton exp (��2z2): � = M⇥/2 = 0.3877 GeV
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Superconformal Algebra
2X2 Hadronic Multiplets
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Figure 1: The supersymmetric quadruplet {�M , B+, B�,�T }. Open circles represent
quarks, full circles antiquarks. The tetraquark has the same mass as its baryon partner in the
multiplet. Notice that the LF angular momentum of the negative-chirality component wave
function of a baryon  B� is one unit higher than that of the positive-chirality (leading-twist)
component  B+.

spinor wavefunction  B+ and  B�, plus two bosonic wave functions, namely the meson

�B and the tetraquark �T . These states can be arranged as a 2⇥ 2 matrix:

 
�M(LM = LB + 1)  B�(LB + 1)

 B+(LB) �T (LT = LB)

!
, (21)

on which the symmetry generators (1) and the Hamiltonian (17) operate 9.

According to this analysis, the lowest-lying light-quark tetraquark is a partner of

the b1(1235) and the nucleon; it has quantum numbers I, J
P = 0, 0+. The partners of

the a2(1320) and the �(1233) have the quantum numbers I = 0, JP = 1+. Candidates

for these states are the f0(980) and a1(1260), respectively.

2.4 Inclusion of quark masses and comparison with experiment

We have argued in [11] that the natural way to include light quark masses in the

hadron mass spectrum is to leave the LF potential unchanged as a first approximation

and add the additional term of the invariant mass �m
2 =

P
n

i=1
m

2
i

xi
to the LF kinetic

energy. The resulting LF wave function is then modified by the factor e
� 1

2��m
2
, thus

providing a relativistically invariant form for the hadronic wave functions. The e↵ect of

the nonzero quark masses for the squared hadron masses is then given by the expectation

value of �m
2 evaluated using the modified wave functions. This prescription leads to

9It is interesting to note that in Ref. [20] mesons, baryons and tetraquarks are also hadronic states
within the same multiplet.

12

Meson Baryon

Tetraquark

Proton: quark + scalar diquark |q(qq) >
(Equal weight: L = 0, L = 1)

Baryon

Bosons, Fermions with Equal Mass!



Consider Rw = Q + wS; w: dimensions of mass squared

Superconformal Quantum Mechanics 

Retains Conformal Invariance of Action

G11 =
�
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x + w2x2 + 2wf � w +
4(f + 1

2 )2 � 1
4x2

�

New Extended Hamiltonian  G is diagonal:

G = {Rw, R
+
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K + 2wfI � 2wB

G22 =
�
� @2

x + w2x2 + 2wf + w +
4(f � 1

2 )2 � 1
4x2

�

Fubini and Rabinovici 

2B = �3

Eigenvalue of G: M2(n,L) = 42(n + LB + 1)

Baryon Equation

Identify f � 1
2 = LB , w = 2

Q '
p

H, S '
p

K
Fubini and 
Rabinovici 
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Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

• We write the Dirac equation

(��(⇤)�M)⌃(⇤) = 0,

in terms of the matrix-valued operator �

�⇤(⇤) = �i

⇤
d

d⇤
�

⇧ + 1
2

⇤
⇥5 � ⌅2⇤⇥5

⌅
,

and its adjoint �†, with commutation relations

⇧
�⇤(⇤),�†

⇤(⇤)
⌃

=
�

2⇧ + 1
⇤2

� 2⌅2

⇥
⇥5.

• Solutions to the Dirac equation

⌃+(⇤) ⇤ z
1
2+⇤e�⇥2�2/2L⇤

n(⌅2⇤2),

⌃�(⇤) ⇤ z
3
2+⇤e�⇥2�2/2L⇤+1

n (⌅2⇤2).

• Eigenvalues

M2 = 4⌅2(n + ⇧ + 1).
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⌫ = L + 1

Dirac Equation for Nucleons in Soft-Wall AdS/QCD
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Figure 8: Orbital and radial baryon excitations for the positive-parity Regge trajectories for the

N (left) and ∆ (right) families for κ = 0.49 − 0.51 GeV.

while maintaining chiral symmetry for the pion [121] in the LF Hamiltonian equations. In

practice, these constraints require a subtraction of −4κ2 from (102). 22

As is the case for the truncated-space model, the value of ν is determined by the short

distance scaling behavior, ν = L+1. Higher-spin fermionic modes Ψµ1···µJ−1/2
, J > 1/2, with

all of its polarization indices along the 3 + 1 coordinates follow by shifting dimensions for

the fields as shown for the case of mesons in Ref. [54] 23. Therefore, as in the meson sector,

the increase in the mass M2 for baryonic states for increased radial and orbital quantum

numbers is ∆n = 4κ2, ∆L = 4κ2 and ∆S = 2κ2, relative to the lowest ground state, the

proton; i.e., the slope of the spectroscopic trajectories in n and L are identical. Thus for the

positive-parity nucleon sector

M2 (+)
n,L,S = 4κ2

(

n+ L+
S

2
+

3

4

)

, (103)

where the internal spin S = 1
2 or 3

2 .

The resulting predictions for the spectroscopy of positive-parity light baryons are shown

in Fig. 8. Only confirmed PDG [49] states are shown. The Roper state N(1440) and

22This subtraction to the mass scale may be understood as the displacement required to describe nucleons

with NC = 3 as a composite system with leading twist 3+L; i.e., a quark-diquark bound state with a twist-2

composite diquark rather than an elementary twist-1 diquark.
23The detailed study of higher fermionic spin wave equations in modified AdS spaces is based on our

collaboration with Hans Guenter Dosch [32]. See also the discussion in Ref. [33].
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the N(1710) are well accounted for in this model as the first and second radial states of

the proton. Likewise, the ∆(1660) corresponds to the first radial state of the ∆(1232) as

shown in in Fig. 8. The model is successful in explaining the parity degeneracy observed in

the light baryon spectrum, such as the L= 2, N(1680)−N(1720) degenerate pair and the

L = 2, ∆(1905), ∆(1910), ∆(1920), ∆(1950) states which are degenerate within error bars.

The parity degeneracy of baryons shown in Fig. 8 is also a property of the hard-wall model

described in the previous section, but in that case the radial states are not well described [51].

In order to have a comprehensive description of the baryon spectrum, we need to extend

(103) to the negative-parity baryon sector. In the case of the hard-wall model, this was

realized by choosing the boundary conditions for the plus or minus components of the AdS

wave function Ψ±. In practice, this amounts to allowing the negative-parity spin baryons to

have a larger spatial extent, a point also raised in [134]. In the soft-wall model there are no

boundary conditions to set in the infrared since the wave function vanishes exponentially for

large values of z. We note, however, that setting boundary conditions on the wave functions,

as done in Sec. 5.1, is equivalent to choosing the branch ν = µR − 1
2 for the negative-

parity spin-12 baryons and ν = µR + 1
2 for the positive parity spin-32 baryons. This gives

a factor 4κ2 between the lower-lying and the higher-lying nucleon trajectories as illustrated

in Fig. 9, where we compare the lower nucleon trajectory corresponding to the J = L + S

spin-12 positive-parity nucleon family with the upper nucleon trajectory corresponding to the

J = L+ S − 1 spin-32 negative-parity nucleons. As is clearly shown in the figure, the gap is

precisely the factor 4κ2.

If we apply the same spin-change rule previously discussed for the positive-parity nucle-

ons, we would expect that the trajectory for the family of spin- 12 negative-parity nucleons

is lower by the factor 2κ2 compared to the spin-32 minus-parity nucleons according to the

spin-change rule previously discussed. Thus the formula for the negative-parity baryons

M2 (−)
n,L,S = 4κ2

(

n+ L+
S

2
+

5

4

)

, (104)

where S = 1
2 or 3

2 . It is important to recall that our formulas for the baryon spectrum are

the result of an analytic inference, rather than formally derived.

The full baryon orbital excitation spectrum listed in Table 2 for n = 0 is shown in Fig.

10. We note that M2 (+)

n,L,S= 3
2

= M2 (−)

n,L,S= 1
2

and consequently the positive and negative-parity ∆

states lie in the same trajectory, consistent with the experimental results. Only the confirmed

PDG [49] states listed in Table 2 are shown. Our results for the ∆ states agree with those

of Ref. [59]. “Chiral partners” as the N(1535) and the N(940) with different orbital angular
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positive parity

negative parity

Baryon Spectroscopy from AdS/QCD and Light-Front Holography

 = 0.49 GeV  = 0.51 GeV
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• Compute Dirac proton form factor using SU(6) flavor symmetry

F p
1 (Q2) = R4

⇧
dz

z4
V (Q, z)�2

+(z)

• Nucleon AdS wave function

�+(z) =
�2+L

R2

⌃
2n!

(n + L)!
z7/2+LLL+1

n

�
�2z2

⇥
e��2z2/2

• Normalization (F1
p(0) = 1, V (Q = 0, z) = 1)

R4

⇧
dz

z4
�2

+(z) = 1

• Bulk-to-boundary propagator [Grigoryan and Radyushkin (2007)]

V (Q, z) = �2z2

⇧ 1

0

dx

(1� x)2
x

Q2

42 e��2z2x/(1�x)

• Find

F p
1 (Q2) =

1⇤
1 + Q2

M2
⇢

⌅⇤
1 + Q2

M2
⇢0

⌅

withM⇥
2
n ⇤ 4�2(n + 1/2)

LC 2011 2011, Dallas, May 23, 2011 Page 20
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Space-Like Dirac Proton Form Factor

• Consider the spin non-flip form factors

F+(Q2) = g+

⇤
d� J(Q, �)|⇥+(�)|2,

F�(Q2) = g�

⇤
d� J(Q, �)|⇥�(�)|2,

where the effective charges g+ and g� are determined from the spin-flavor structure of the theory.

• Choose the struck quark to have Sz = +1/2. The two AdS solutions ⇥+(�) and ⇥�(�) correspond

to nucleons with Jz = +1/2 and�1/2.

• For SU(6) spin-flavor symmetry

F p
1 (Q2) =

⇤
d� J(Q, �)|⇥+(�)|2,

Fn
1 (Q2) = �1

3

⇤
d� J(Q, �)

�
|⇥+(�)|2 � |⇥�(�)|2

⇥
,

where F p
1 (0) = 1, Fn

1 (0) = 0.

Exploring QCD, Cambridge, August 20-24, 2007 Page 52



Using SU(6) flavor symmetry and normalization to static quantities
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Using SU(6) flavor symmetry and normalization to static quantities
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FIG. 9: Dirac u quark form factor multiplied by Q4.
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FIG. 10: Dirac d quark form factor multiplied by Q4.
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FIG. 1. Polarization measurements and predictions for the proton and neutron Dirac form factors [69,

70]. The blue line is the prediction of the proton Dirac FF from LFHQCD, Eq. (21) multiplied by Q4.

The orange and the green lines are predictions for the neutron Dirac FF, Q4Fn

1 (Q
2), from Eq. (23)

and from Eq. (25) with the phenomenological factor r = 2.08, respectively. The dotted lines are the

asymptotic predictions. The asymptotic value of the neutron FF is determined using r = 2.08.

FIG. 2. Polarization measurements and predictions for the proton and neutron Pauli form factors [69,

70]. The blue line is the proton Pauli FF, Q6F p

2 (Q
2) prediction, with �p = 0.27 in Eq. (22). The green

line is the prediction for the neutron Pauli FF, Q6Fn

2 (Q
2), with �n = 0.38 in Eq. (24) from LFHQCD.

The dotted lines are the asymptotic predictions.
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Superconformal Algebra
2X2 Hadronic Multiplets
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Figure 1: The supersymmetric quadruplet {�M , B+, B�,�T }. Open circles represent
quarks, full circles antiquarks. The tetraquark has the same mass as its baryon partner in the
multiplet. Notice that the LF angular momentum of the negative-chirality component wave
function of a baryon  B� is one unit higher than that of the positive-chirality (leading-twist)
component  B+.

spinor wavefunction  B+ and  B�, plus two bosonic wave functions, namely the meson

�B and the tetraquark �T . These states can be arranged as a 2⇥ 2 matrix:

 
�M(LM = LB + 1)  B�(LB + 1)

 B+(LB) �T (LT = LB)

!
, (21)

on which the symmetry generators (1) and the Hamiltonian (17) operate 9.

According to this analysis, the lowest-lying light-quark tetraquark is a partner of

the b1(1235) and the nucleon; it has quantum numbers I, J
P = 0, 0+. The partners of

the a2(1320) and the �(1233) have the quantum numbers I = 0, JP = 1+. Candidates

for these states are the f0(980) and a1(1260), respectively.

2.4 Inclusion of quark masses and comparison with experiment

We have argued in [11] that the natural way to include light quark masses in the

hadron mass spectrum is to leave the LF potential unchanged as a first approximation

and add the additional term of the invariant mass �m
2 =

P
n

i=1
m

2
i

xi
to the LF kinetic

energy. The resulting LF wave function is then modified by the factor e
� 1

2��m
2
, thus

providing a relativistically invariant form for the hadronic wave functions. The e↵ect of

the nonzero quark masses for the squared hadron masses is then given by the expectation

value of �m
2 evaluated using the modified wave functions. This prescription leads to

9It is interesting to note that in Ref. [20] mesons, baryons and tetraquarks are also hadronic states
within the same multiplet.

12

Meson Baryon

Tetraquark

Proton: quark + scalar diquark |q(qq) >
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Superconformal Algebra

• quark-antiquark meson (LM = LB+1))

• quark-diquark baryon (LB)

• quark-diquark baryon (LB+1)

• diquark-antidiquark tetraquark (LT = LB)

• Universal Regge slopes
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masses strongly break the conformal symmetry [18].

The structure of the hadronic mass generation obtained from the supersymmetric

Hamiltonian GS, Eq. (17), provides a frame-independent decomposition of the quadratic

masses for all four members of the supersymmetric multiplet. In the massless quark limit:

M
2
H
/� =

contribution from 2-dim

light-front harmonic oscillator
z }| {
(2n+ LH + 1)| {z }

kinetic

+(2n+ LH + 1)| {z }
potential

+

contribution from AdS and

superconformal algebra
z }| {
2(LH + s) + 2� . (25)

Here n is the radial excitation number and LH the LF angular momentum of the hadron

wave function; s is the total spin of the meson and the cluster respectively, � = �1 for the

meson and for the negative-chirality component of the baryon (the upper components

in the susy-doublet) and � = +1 for the positive-chirality component of baryon and

for the tetraquark (the lower components). The contributions to the hadron masses

squared from the light-front potential �2
⇣
2 and the light-front kinetic energy in the LF

Hamiltonian, are identical because of the virial theorem.

We emphasize that the supersymmetric features of hadron physics derived here from

superconformal quantum mechanics refers to the symmetry properties of the bound-

state wave functions of hadrons and not to quantum fields; there is therefore no need to

introduce new supersymmetric fields or particles such as squarks or gluinos.

We have argued that tetraquarks – which are degenerate with the baryons with the

same (leading) orbital angular momentum– are required to complete the supermulti-

plets predicted by the superconformal algebra. The tetraquarks are the bound states

of the same confined color-triplet diquarks and anti-diquarks which account for baryon

spectroscopy.

The light-front cluster decomposition [32, 33] for a bound state of N constituents

–as an “active” constituent interacting with the remaining cluster of N�1 constituents–

also has implications for the holographic description of form factors. As a result, the

form factor is written as the product of a two-body form factor multiplied by the form

factor of the N � 1 cluster evaluated at its characteristic scale. The form factor of the

N�1 cluster is then expressed recursively in terms of the form factor of the N�2 cluster,

and so forth, until the overall form factor is expressed as the N � 1 product of two-body

form factors evaluated at di↵erent characteristic scales. This cluster decomposition is

in complete agreement with the QCD twist assignment which leads to counting-rule

scaling laws [34, 35]. This solves a previous problem with the twist assignment for

15

+ <
X

i

m2
i

xi
>

�(mesons) = �1 �(baryons, tetraquarks) = +1
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Features of Supersymmetric Equations

• J =L+S baryon simultaneously satisfies both 
equations of G with L , L+1 with same mass 
eigenvalue

• Jz =  Lz + 1/2 = (Lz + 1) - 1/2

• Proton spin carried by quark Lz

• Mass-degenerate meson “superpartner” with 
LM=LB+1.

•
“Shifted  meson-baryon Duality”

Mesons and baryons have same 

Sz = ±1/2

 !

< Jz >=
1

2
(Sz

q =
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, Lz = 0) +
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(Sz
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Production of a Double-Charm Baryon

X

SELEX  high xF < xF >= 0.33

pp ⌅ p + H + p

H, Z0, �b

b⌃ ⇤ 1/Q

Must have �Lz = ±1 to have nonzero F2

Use charge radius R2 = �6F ⇧1(0)

and anomalous moment ⇥ = F2(0)



Groote, Koshkarev, sjb:  SELEX& LHCb could both be correct!

Very different production kinematics:  
LHCb (central region)  

SELEX (Forward, High xF ) where Λc  , Λb were discovered  

Radiative Decay:

LHCb(3621) ! SELEX(3520) + �
strongly suppressed: [

100 MeV
Mc

]
7

Also: Different diquark structure possible for LHCb:

NA3: Double J/ψ Hadroproduction measured at High xF

SELEX (3520± 1 MeV ) JP = 1
2

� |[cd]c >
Two decay channels: ⌅+

cc ! ⇤+
c K

�⇡+, pD+K�

⌅++
cc ! ⇤+

c K
�⇡+⇡+

|(cc)u >

LHCb (3621± 1 MeV ) JP
=

1
2

�
or

3
2

� |(cu)c >

Karliner and Rosner
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Looking for pure glueball states

Matteo Rinaldi
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Risto Orava

University of Helsinki, Helsinki Institute of Physics and CERN-EP, CH-1211 Geneva 23, Switzerland
(Dated: February 8, 2019)

A phenomenological analysis of the scalar glueball and scalar meson spectra is carried out by
using the AdS/QCD framework in the bottom-up approach. We make use of the relation between
the mode functions in AdS/QCD and the wave functions in Light-Front QCD to discuss the mixing
of glueballs and mesons.

PACS numbers: 12.38.-t, 12.38.Aw,12.39Mk, 14.70.Kv

I. INTRODUCTION

Glueballs have been a matter of theoretical study and experimental search since the formulation of the theory of the
strong interaction Quantum Chromodynamics (QCD)[1, 2]. QCD sum rules [3, 4], QCD based models [4] and Lattice
QCD computations both with sea quarks [7] and in the pure glue theory [8–10] have been used to determine their
spectra and properties. However, due to the lack of phenomenological support much debate has been associated with
their properties [4]. Glueballs, if they exist, will mix with meson states of the same quantum numbers, and therefore
their direct characterization is difficult to disclose.
Recently we have analyzed the glueball spectrum from the point of view of the AdS/QCD correspondence in the

so-called bottom-up approach [11, 12]. Following these investigations, we analyze here phenomenological consequences
of our studies in the scalar sector by comparing theoretical results with data. The experimentally determined scalar
”mesons” with spin parities JPC = 0++ are known as the f0 mesons [13]. Our aim is to describe the glueball lattice
spectrum by means of the AdS/QCD correspondence and to compare it with the spectrum of f0’s. Only when the
masses of the glueballs and the f0’s are close mixing is to be expected [5]. However, if the masses are close, but the
dynamics generating the resonance states is different, mixing will not happen [6]. Therefore, we are looking for meson
and glueball states with similar masses but generated by different dynamics. These scalar particles will appear in the
phenomenologial spectrum as mostly glueball or mostly meson.
We use for our analysis the the so-called bottom-up approach of the AdS/QCD correspondence [15–17]. This

approach describes glueball and meson dynamics in a very transparent fashion[12, 18–21]. In section II we describe
the scalar glueball spectrum and the meson spectrum in several AdS/QCD appraoches. In section III we will discuss
glueball-meson mixing and finally in the conclusions we extract some consequences of our analysis.

II. SCALAR GLUEBALL AND SCALAR MESON SPECTRUM IN A BOTTOM-UP APPROACH

The so-called botton-up approach on the AdS/CFT correspondence starts from QCD and attempts to construct its
five-dimensional holographic dual. One implements duality in nearly conformal conditions defining QCD on the four
dimensional boundary and introducing a bulk space which is a slice of AdS5 whose size is related to ΛQCD [15–18].
The metric of this space can be written as

ds2 =
R2

z2
(dz2 + ηµνdx

µdxν) +R2dΩ5, (1)

where ηµν is the Minkowski metric and the size of the slice in the holographic coordinate 0 < z < zmax is related to
the scale of QCD, zmax = 1

ΛQCD
. This is the so called hard wall approximation. Later on, in order to reproduce the

2

Regge trajectories, the so called soft wall approximation was introduced [19, 22]. Within the bottom-up strategy and
in both, hard wall and the soft wall approaches, glueballs arising from the correspondence of fields in AdS5 have been
studied in refs. [20, 21]. In our recent work we have described the scalar glueball spectrum as a graviton in AdS5

with a modified soft wall metric. In Fig. 1 we reproduce the results of refs. [12, 20, 21] for the glueball spectrum.
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FIG. 1: Glueball spectrum obtained by the Dirichlet hard wall (dashed), a soft wall (dashed-dotted) and soft wall graviton
(dotted) approaches. These calculations were reported in ref. [12]. The lattice data are from refs. [8–10] as shown in Table I.
The dots label the scalar glueballs and the triangles the tensor glueballs.

The AdS/QCD models provide us with a succession of mass modes of differential equations, which in general, one
has to obtain numerically. An exception is the standard soft wall model where the expression turns out to be analytic,
ω2
k = (4k + 8), where k = 0, 1, 2 . . . is the mode number [21]. In order to reach the experimantal results we have to

multiply by an energy scale factor ε, i.e. m2
k = ε2ω2

k = ε2(4k + 8), where ε is its energy scale. To determine ε we use
here the technique, developed in ref.[12] . We display the spectrum obtained by fitting one AdS mode to a physical
state, for example in the case of glueballs we fit the lowest mode to the lowest lying glueball and determine an initial
value for ε. We then proceed by seeding the rest of the lattice data on the plot and by varying slightly ε we get a best
fit to the whole spectrum. The lattice data used are shown in Table I [8–10] 1. We also show the results for the tensor
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In Fig. 1 we show the results for all models analyzed. All models lead to a reasonable fit of the data. The difference

between them arises for heavy states. The soft wall dilaton model has a quadratic behavior that softens the slope
at high energies. The hard wall and soft wall graviton model have an almost linear behavior in the region studied
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TABLE I: Glueball masses [MeV] from lattice calculations by MP [8], YC [9] and LTW [10] .

In Fig. 2 we show the soft wall model fit to the PDG meson spectrum [13]. Many authors have argued that the
f0(500) is not a conventional meson state but a tetraquark or a hybrid [4, 14]. The figure shows that once the f0(500)
is taken out of the meson spectrum the soft wall model fit is excellent. From now on we will omit the f0(500) from
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will omit the hard wall model from further discussion.

1 We have not included the lattice results from the unquenched calculation [7] to be consistent, which however, in this range of masses
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Regge trajectories, the so called soft wall approximation was introduced [19, 22]. Within the bottom-up strategy and
in both, hard wall and the soft wall approaches, glueballs arising from the correspondence of fields in AdS5 have been
studied in refs. [20, 21]. In our recent work we have described the scalar glueball spectrum as a graviton in AdS5

with a modified soft wall metric. In Fig. 1 we reproduce the results of refs. [12, 20, 21] for the glueball spectrum.
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FIG. 1: Glueball spectrum obtained by the Dirichlet hard wall (dashed), a soft wall (dashed-dotted) and soft wall graviton
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glueball states since theory predicts degeneracy between the scalar an the tensor glueball for the soft wall models.
In Fig. 1 we show the results for all models analyzed. All models lead to a reasonable fit of the data. The difference

between them arises for heavy states. The soft wall dilaton model has a quadratic behavior that softens the slope
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Rinaldi, Vento, 
Orava



• Boost Invariant 

• Trivial LF vacuum! No condensate, but consistent with GMOR 

• Massless Pion 

• Hadron Eigenstates (even the pion) have LF Fock components of different Lz 

• Proton: equal probability 

• Self-Dual Massive Eigenstates: Proton is its own chiral partner. 

• Label State by minimum L as in Atomic Physics 

• Minimum L dominates at short distances                

• AdS/QCD Dictionary: Match to Interpolating Operator Twist at z=0.

Chiral Features of Soft-Wall AdS/
QCD Model

Sz = +1/2, Lz = 0;Sz = �1/2, Lz = +1

No mass -degenerate parity partners!

Jz = +1/2 :< Lz >= 1/2, < Sz
q >= 0
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Remarkable Features of  
Light-Front Schrödinger Equation

•Relativistic, frame-independent

•QCD scale appears - unique LF potential

•Reproduces spectroscopy and dynamics of light-quark hadrons with one 
parameter

•Zero-mass pion for zero mass quarks!

•Regge slope same for n and L  -- not usual HO

•Splitting in L persists to high mass   -- contradicts conventional wisdom based 
on breakdown of chiral symmetry

•Phenomenology: LFWFs, Form factors, electroproduction

•Extension to heavy quarks

U(⇣) = 4⇣2 + 22(L + S � 1)

Dynamics + Spectroscopy! 



Nuclear-Bound Quarkonium

• Binding via QCD Van der Waals

• No valence quarks in common

• Guaranteed J/ψ-Α binding for high A

Schmidt, de Teramond, sjb
Manohar

QQ̄

He
3

[(QQ̄)A]



Charmonium Production at Threshold

J/ c

c̄

Form nucleon-charmonium bound state! |uudcc̄ >

p

Van der Waals  
attractive potential

n

[J/ n]

� d! [J/ p] n� d! [J/ n] p

D



Octoquark Production at Threshold

�⇤ c̄

c

D

Explains Krisch Effect!

Moctoquark ⇠ 5 GeV

γ*𝒟 → |uududdcc̄ >



• First suggested by F. Dyson and N-H Xuong (1964) 

• Hidden-Color Six-Quark Configuration 

• Decays to Δ++Δ++ 

Produce Charge  Q=4,I=3,B=2  
Hidden-Color Dibaryon State  

at JLab

|u"Ru"Bu"Y u#Ru#Bu#Y >

Bashkanov, Clement, sjb

[B = 2, Q = +4]

 Discover at JLab!

“Hexaquark”

�d! [B = +2, Q = +4]⇡�⇡�⇡�



Ideas for CarlFest

May 4, 2005

Spin Correlations in Elastic p� p Scattering
RNN

pT

Collisions Between Spinning Protons (A. D. Krisch)
Scientific American, 255, 42-50 (August, 1987).

1

Ideas for CarlFest

May 4, 2005

Spin Correlations in Elastic p� p Scattering
RNN

pT

Collisions Between Spinning Protons (A. D. Krisch)
Scientific American, 255, 42-50 (August, 1987).

AN

plab⇥
s

1

A. Krisch, Sci. Am. 257 (1987)  
“The results challenge the prevailing theory that describes the 

proton’s structure and forces”

Heppelmann et al:  Quenching of Color 
Transparency

 Charm and Strangeness Thresholds

“Exclusive 
Transversity”

  B=2 Octoquark Resonances?

Spin-dependence at large-PT (90°cm): 
Hard scattering takes place only 

with spins ↑↑

dσ
dt

↑ ↑
dσ
dt

↓ ↑



Unexpected  

spin-spin 

correlation in pp  

elastic scattering

pp� �c(cud)D0(cu)p

p

⇥(pp� cX)

Total open charm cross section at threshold

⇥(pp� cX) ⇥ 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp� �(sud)K+(su)p

pp� �c(cud)D0(cu)p

p

⇥(pp� cX)

Total open charm cross section at threshold

⇥(pp� cX) ⇥ 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp� �(sud)K+(su)p

pp� �c(cud)D0(cu)p
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⇥(pp� cX)

Total open charm cross section at threshold

⇥(pp� cX) ⇥ 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp� �(sud)K+(su)p

pp� �c(cud)D0(cu)p

p

⇥(pp� cX)

Total open charm cross section at threshold

⇥(pp� cX) ⇥ 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp� �(sud)K+(su)p

polarizations normal to scattering plane

⌅ ⌅

• Measure Elastic Proton-Proton Scattering

d�
dt (pp ⇤ pp) at large pT .

Test PQCD AdS/CFT conformal scaling:
twist = dimension - spin = 12

M(s, t) ⇥ F (t/s)
s4

d�
dt (pp ⇤ pp) ⇥ |F (t/s)|2

s10

⌅ ⌅

• Measure Elastic Proton-Proton Scattering

d�
dt (pp ⇤ pp) at large pT .

Test PQCD AdS/CFT conformal scaling:
twist = dimension - spin = 12

M(s, t) ⇥ F (t/s)
s4

d�
dt (pp ⇤ pp) ⇥ |F (t/s)|2

s10

Krisch, Crabb, et al 

RNN



Large RNN in pp! pp explained by
B = 2, J = L = 1 |uuduudcc̄ > resonance
at
p

s ⇠ 5 GeV

de Teramond and sjb

Ratio reaches 4:1

|uud uud cc̄i
Dibaryon resonance?

p2
?(GeV2)

�("")/�("#)

plab(GeV/c)
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u

u

c

c– 

c

c– 

d

p

p

u

u

d

p

5-2005
8717A3

QCD  
Schwinger-Sommerfeld 
Enhancement at Heavy 

Quark Threshold

Hebecker, Kuhn, sjb

S. J. Brodsky and G. F. de Teramond, “Spin
Correlations, QCD Color Transparency And
Heavy Quark Thresholds In Proton Proton
Scattering,” Phys. Rev. Lett. 60, 1924 (1988).

Quark Interchange + 8-Quark Resonance

|uuduudcc̄ > Strange and Charm Octoquark!

M = 3 GeV, M = 5 GeV.

J = L = S = 1, B = 2

Production of   
uud c c uud  

octoquark resonance

J=L=S=1, C=-, P=- state

8 quarks in S-wave: odd parity

Ann = 1!

�(pp! cc̄X) ' 1 µb at threshold �(�p! cc̄X) ' 1 nb at threshold

s ∼ 5 GeV



 Dramatic Spin Effects Possible at Threshold!



P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

CF

d

q2
? = Q2 = �q2

d

c
c̄

u

Light-Front Wavefunctions and Heavy-Quark Electroproduction

q+ = 0

�⇤(q)

``0

u

u

d

d

|uuddducc̄i

Coalescence of comovers can produce the B = +2 Q = +1 isospin partner
of the B = +2 Q = +2 resonance |uuduudcc̄i which produces the large RNN in
p p elastic scattering Threshold Production at JLab!



Light Front Dynamics and Holography
 Stan Brodsky

M a y  2 6 - 3 0 ,  2 0 1 4

Home International Light Cone Advisory Committee NC State Physics Jefferson Lab NC State College of Sciences

N a v i g a t i o n

Final Circular
Program
Registration
Accommodations
Travel
Poster
Participants
Scientific Advisory
Comm

Meeting Email: 
LightCone2014 'at' ncsu.edu
For questions and further
information about the
meeting.

N e w s  &  U p d a t e s

R a l e i g h ,  N C

Things to do in Raleigh
Visit Raleigh
Downtown Raleigh
Visit the NC Triangle

R a l e i g h ,  N C ,  U S A

W e l c o m e  t o  L i g h t  C o n e  2 0 1 4

We invite you to participate in the
forthcoming Light Cone 2014 (LC2014)
meeting, to be held in Raleigh, North Carolina,
during May 26-30, 2014.

In anticipation of opportunities afforded by new facilities such
as the 12 GeV upgrade of Jefferson Lab, the FAIR facility at GSI,
J-PARC, and other facilities around the globe, we plan to
organize a timely scientific program to make a representative
impact on the forefront research development of nuclear,
hadron and particle physics. A main focus of the meeting will be
the interface between theory and experiment in hadron physics.
We encourage many young physicists to join and actively discuss
with the world experts participating in this meeting.

L o c a l  O r g a n i z i n g  C o m m i t t e e

Chueng Ji - NCSU Workshop Chair
Wally Melnitchouk - JLab
Haiyan Gao - Duke University
Dean Lee - NCSU
Thomas Schäfer - NCSU
Mithat Ünsal - NCSU
John Blondin - NCSU
Leslie Cochran and Rhonda Bennett - Administrative Support

M e e t i n g  S p o n s o r s

NC State Department of Physics
NC State College of Sciences
Jefferson Lab

contact | Department of Physics | College of Sciences | North Carolina State University

September 21 2013

LC2014 Registration
opens October 1, 2013.

May 21 2013

LC2014-Raleigh was
formally approved at the
ILCAC Meeting in

2/16/19, 2(46 PMEvent at Galileo Galilei Institute

Page 1 of 2https://www.ggi.infn.it/showevent.pl?id=314

Home > Schools > School

School

Frontiers in Nuclear and Hadronic Physics 2019

Feb, 25 2019 - Mar, 08 2019 

Abstract 
The school is primarily addressed to Ph.D. students in Theoretical Nuclear and Hadron
Physics. Participation of experimentalists and post-docs is also encouraged. The 2019
edition will be devoted to Hadron Physics, and it will provide a pedagogical introduction to
the basic concepts and tools needed for carrying out cutting-edge research in Continuum
QCD (non-perturbative QCD), Hadron and Exotic Spectroscopy
(Tetraquarks,Pentaquarks,Hybrids), Light-Front Dynamics and Holography, Amplitude-
analysis theoretical tools and Electron-Ion Collider physics. The aim will be both to stress
the intimate connections among those fields and to give much attention to the
interpretation of experimental data, within framework based on ab initio or more
phenomenological approaches. 

Topics 
Stanley J. Brodsky (SLAC Natl. Accelerator Lab.): Light-Front Dynamics and
Holography
Abhay Deshpande (Stony Brook Univ. & Brookhaven Natl. Lab.): Electron-Ion Collider
physics
Craig D. Roberts (Argonne Natl. Lab.): Continuum-QCD in non perturbative regime 
Adam P. Szczepaniak (Indiana Univ. & JPAC@JLAB): Hadron spectroscopy and
Amplitude-analysis theoretical tools
Bing-⁠Song Zou (Inst. Theo. Phys. Chinese Academy of Sciences): Hadron and Exotic
Spetroscopy

Organizers 
Francesco Becattini (University and INFN, Firenze)
Ignazio Bombaci (University and INFN, Pisa)
Angela Bonaccorso (INFN, Pisa)

Home

Workshops

Schools

Other Events

Activity Planner

Weekly
Participants

Guidelines for
conferences and
miniprograms

Simons Grants

Long Term Visits

Apply to GGI
Events

Calls for
Workshops

Visit Info

Facilities

Staff

Photo Galleries

Administration

Underlying Principles

• Poincarè Invariance: Independent of the observer’s Lorentz frame  

• Quantization at Fixed Light-Front Time 

• Causality: Information within causal horizon 

• Light-Front Holography: AdS5 = LF (3+1) 

• Single fundamental hadronic mass scale κ: but retains the 
Conformal Invariance of the Action (dAFF)!  

• Unique dilaton and color-confining LF Potential! 

• Superconformal Algebra:  Mass Degenerate 4-Plet:

U(⇣2) = 4⇣2

Meson qq̄ $ Baryon q[qq] $ Tetraquark [qq][q̄q̄]

z $ ⇣ where ⇣2 = b2?x(1� x)

x (1� x) �b⇥

⇤(x,�b⇥) = ⇤(�)

⇥(z)

� =
�

x(1� x)�b2⇥

z

z�

z0 = 1
⇥QCD

x (1� x) �b⇥

⇤(x,�b⇥) = ⇤(�)

⇥(z)

� =
�

x(1� x)�b2⇥

z

z�

z0 = 1
⇥QCD

x (1� x) �b⇥

⇤(x,�b⇥) = ⇤(�)

⇥(z)

� =
�

x(1� x)�b2⇥

z

z�

z0 = 1
⇥QCD

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

�2 = x(1� x)b2
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⌧

e+2z2



Light Front Dynamics and Holography
 Stan Brodsky

M a y  2 6 - 3 0 ,  2 0 1 4

Home International Light Cone Advisory Committee NC State Physics Jefferson Lab NC State College of Sciences

N a v i g a t i o n

Final Circular
Program
Registration
Accommodations
Travel
Poster
Participants
Scientific Advisory
Comm

Meeting Email: 
LightCone2014 'at' ncsu.edu
For questions and further
information about the
meeting.

N e w s  &  U p d a t e s

R a l e i g h ,  N C

Things to do in Raleigh
Visit Raleigh
Downtown Raleigh
Visit the NC Triangle

R a l e i g h ,  N C ,  U S A

W e l c o m e  t o  L i g h t  C o n e  2 0 1 4

We invite you to participate in the
forthcoming Light Cone 2014 (LC2014)
meeting, to be held in Raleigh, North Carolina,
during May 26-30, 2014.

In anticipation of opportunities afforded by new facilities such
as the 12 GeV upgrade of Jefferson Lab, the FAIR facility at GSI,
J-PARC, and other facilities around the globe, we plan to
organize a timely scientific program to make a representative
impact on the forefront research development of nuclear,
hadron and particle physics. A main focus of the meeting will be
the interface between theory and experiment in hadron physics.
We encourage many young physicists to join and actively discuss
with the world experts participating in this meeting.

L o c a l  O r g a n i z i n g  C o m m i t t e e

Chueng Ji - NCSU Workshop Chair
Wally Melnitchouk - JLab
Haiyan Gao - Duke University
Dean Lee - NCSU
Thomas Schäfer - NCSU
Mithat Ünsal - NCSU
John Blondin - NCSU
Leslie Cochran and Rhonda Bennett - Administrative Support

M e e t i n g  S p o n s o r s

NC State Department of Physics
NC State College of Sciences
Jefferson Lab

contact | Department of Physics | College of Sciences | North Carolina State University

September 21 2013

LC2014 Registration
opens October 1, 2013.

May 21 2013

LC2014-Raleigh was
formally approved at the
ILCAC Meeting in

2/16/19, 2(46 PMEvent at Galileo Galilei Institute

Page 1 of 2https://www.ggi.infn.it/showevent.pl?id=314

Home > Schools > School

School

Frontiers in Nuclear and Hadronic Physics 2019

Feb, 25 2019 - Mar, 08 2019 

Abstract 
The school is primarily addressed to Ph.D. students in Theoretical Nuclear and Hadron
Physics. Participation of experimentalists and post-docs is also encouraged. The 2019
edition will be devoted to Hadron Physics, and it will provide a pedagogical introduction to
the basic concepts and tools needed for carrying out cutting-edge research in Continuum
QCD (non-perturbative QCD), Hadron and Exotic Spectroscopy
(Tetraquarks,Pentaquarks,Hybrids), Light-Front Dynamics and Holography, Amplitude-
analysis theoretical tools and Electron-Ion Collider physics. The aim will be both to stress
the intimate connections among those fields and to give much attention to the
interpretation of experimental data, within framework based on ab initio or more
phenomenological approaches. 

Topics 
Stanley J. Brodsky (SLAC Natl. Accelerator Lab.): Light-Front Dynamics and
Holography
Abhay Deshpande (Stony Brook Univ. & Brookhaven Natl. Lab.): Electron-Ion Collider
physics
Craig D. Roberts (Argonne Natl. Lab.): Continuum-QCD in non perturbative regime 
Adam P. Szczepaniak (Indiana Univ. & JPAC@JLAB): Hadron spectroscopy and
Amplitude-analysis theoretical tools
Bing-⁠Song Zou (Inst. Theo. Phys. Chinese Academy of Sciences): Hadron and Exotic
Spetroscopy

Organizers 
Francesco Becattini (University and INFN, Firenze)
Ignazio Bombaci (University and INFN, Pisa)
Angela Bonaccorso (INFN, Pisa)
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• Regge spectroscopy—same slope in n,L for mesons, baryons

• Chiral features for mq=0: mπ =0, chiral-invariant proton!

• Hadronic LFWFs

• Counting Rules

• Connection between hadron masses and ⇤MS

Superconformal AdS Light-Front Holographic QCD (LFHQCD) 

Meson-Baryon Mass Degeneracy for LM=LB+1

Features of  LF Holographic QCD 
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We invite you to participate in the
forthcoming Light Cone 2014 (LC2014)
meeting, to be held in Raleigh, North Carolina,
during May 26-30, 2014.

In anticipation of opportunities afforded by new facilities such
as the 12 GeV upgrade of Jefferson Lab, the FAIR facility at GSI,
J-PARC, and other facilities around the globe, we plan to
organize a timely scientific program to make a representative
impact on the forefront research development of nuclear,
hadron and particle physics. A main focus of the meeting will be
the interface between theory and experiment in hadron physics.
We encourage many young physicists to join and actively discuss
with the world experts participating in this meeting.

L o c a l  O r g a n i z i n g  C o m m i t t e e

Chueng Ji - NCSU Workshop Chair
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Fundamental Hadronic Features

• Partition of the Proton’s Mass: Potential vs. Kinetic Contributions

• Color Confinement

• Role of Quark Orbital Angular Momentum in the Proton

• Quark-Diquark Structure

• Quark Mass Contribution

• Baryonic Regge Trajectory

• Mesonic Supersymmetric Partners

• Proton Light-Front Wavefunctions and Dynamical Observables

• Form Factors, Distribution Amplitudes, Structure Functions

• Non-Perturbative - Perturbative QCD Transition

• Dimensional Transmutation: Mp/⇤MS

�M2
LFKE = 2(1 + 2n + L)

�M2
LFPE = 2(1 + 2n + L)

Virial Theorem

U(⇣2) = 4⇣2

Equal L=0,1

LM = LB + 1

m⇢ ' 2.2 ⇤MSmp ' 3.21 ⇤MS

⇤M (x, k⇥) =
4⇥

�
�

x(1� x)
e
� k2

⇥
2�2x(1�x)

�M2 =<
m2

q

x
>

from the Yukawa coupling  
to the Higgs zero mode

M2(n,LB) = 42(n + LB + 1)p

MS schemeQ0 = 0.87± 0.08 GeV
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Remarkable Advantages of the Front Form

• Light-Front Time-Ordered Perturbation Theory:  Elegant, 
Physical 

• Frame-Independent 

• Few LF Time-Ordered Diagrams (not n!) -- all k+ must be 
positive 

• Jz conserved at each vertex 

• Automatically normal-ordered; LF Vacuum trivial up to zero 
modes 

• Renormalization: Alternate Denominator Subtractions: 
Tested to three loops in QED 

• Reproduces Parke-Taylor Rules and Amplitudes  (Stasto) 

• Hadronization at the Amplitude Level with Confinement



PDFs FFs

TMDs

Charges

GTMDs

GPDs

TMSDs

TMFFs

Transverse density in 
momentum space

Transverse density in position 
space

Longitudinal 

Transverse

Momentum space Position space

Lorce, 
Pasquini

General remarks about orbital angular mo-
mentum

�n(xi, k�i,�i)

�n
i=1(xi

 R�+ b�i) =  R�

xi
 R�+ b�i

�n
i
 b�i =  0�

�n
i xi = 1

• Light Front Wavefunctions:                                   

Sivers, T-odd from lensing
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FIG. 9: Pauli u quark form factor multiplied by Q4.
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FIG. 10: Pauli d quark form factor multiplied by Q4.
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FIG. 11: Dirac proton form factor multiplied by Q4.
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FIG. 12: Dirac neutron form factor multiplied by Q4.

FIG. 13: Wigner distribution ρuUU (x,b⊥,k⊥) at x = 0.5,
kx = ky = 0.5 GeV.

FIG. 14: Wigner distribution ρdUU (x,b⊥,k⊥) at x = 0.5,
kx = ky = 0.5 GeV.

FIG. 15: Wigner distribution ρuLL(x,b⊥,k⊥) at x = 0.5,
kx = ky = 0.5 GeV.

FIG. 16: Wigner distribution ρdLL(x,b⊥,k⊥) at x = 0.5,
kx = ky = 0.5 GeV.
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FIG. 2: d quark PDFs multiplied with x.
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FIG. 3: quark magnetization PDFs: xEq - our results,
xEq

GPRV - results of Ref. [68].
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FIG. 5: d quark TMDs multiplied with x.

x g1 T
uv !x"

x F1 T
uv !x"

x g1 T
dv !x" x F1 T

dv !x"

0.0 0.2 0.4 0.6 0.8 1.0

"1

0

1

2

3

x

FIG. 6: Comparison our predictions for xgqv1T (x) quark TMDs
multiplied with corresponding upper limits xF qv

1 (x).
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FIG. 7: Dirac u quark form factor multiplied by Q4.
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FIG. 8: Dirac d quark form factor multiplied by Q4.

Nucleon parton distributions in a light-front quark model  

Gutsche, Lyubovitskij, Schmidt 
arXiv:1605.03526
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Nonperturbative strange-quark sea from lattice QCD, light-front holography,

and meson-baryon fluctuation models

Raza Sabbir Sufian,1 Tianbo Liu,1, 2, ⇤ Guy F. de Téramond,3 Hans Günter Dosch,4

Stanley J. Brodsky,5 Alexandre Deur,1 Mohammad T. Islam,6 and Bo-Qiang Ma7, 8, 9

(HLFHS Collaboration)

1Thomas Je↵erson National Accelerator Facility, Newport News, VA 23606, USA
2Department of Physics, Duke University, Durham, North Carolina 27708, USA

3Laboratorio de F́ısica Teórica y Computacional,

Universidad de Costa Rica, 11501 San José, Costa Rica
4Institut für Theoretische Physik der Universität, D-69120 Heidelberg, Germany

5SLAC National Accelerator Laboratory, Stanford University, Stanford, CA 94309, USA
6Computer Science Department, Southern Connecticut

State University, New Haven, CT 06515, USA
7School of Physics and State Key Laboratory of Nuclear Physics

and Technology, Peking University, Beijing 100871, China
8Collaborative Innovation Center of Quantum Matter, Beijing, China

9Center for High Energy Physics, Peking University, Beijing 100871, China

Abstract
We demonstrate that a nonzero strangeness contribution to the spacelike electromagnetic form factor

of the nucleon is evidence for a strange-antistrange asymmetry in the nucleon’s light-front wave function,

thus implying di↵erent nonperturbative contributions to the strange and antistrange quark distribution

functions. A recent lattice QCD calculation of the nucleon strange quark form factor predicts that the

strange quark distribution is more centralized in coordinate space than the antistrange quark distribution,

and thus the strange quark distribution is more spread out in light-front momentum space. We show that

the lattice prediction implies that the di↵erence between the strange and antistrange parton distribution

functions, s(x)� s̄(x), is negative at small-x and positive at large-x. We also evaluate the strange quark form

factor and s(x)� s̄(x) using a baryon-meson fluctuation model and a novel nonperturbative model based on

light-front holographic QCD. This procedure leads to a Veneziano-like expression of the form factor, which

depends exclusively on the twist of the hadron and the properties of the Regge trajectory of the vector

meson which couples to the quark current in the hadron. The holographic structure of the model allows

us to introduce unambiguously quark masses in the form factors and quark distributions preserving the

hard scattering counting rule at large-Q2 and the inclusive counting rule at large-x. Quark masses modify

the Regge intercept which governs the small-x behavior of quark distributions, therefore modifying their

small-x singular behavior. Both nonperturbative approaches provide descriptions of the strange-antistrange

asymmetry and intrinsic strangeness in the nucleon consistent with the lattice QCD result.

⇤ liutb@jlab.org
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FIG. 7. The distributions xs(x) (continuous curves) and xs̄(x) (dashed curves) correspond to the minimum

intrinsic strange probability Is = 0.2Ns with Ns = 0.047,
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FIG. 8. Light-front holographic results for the asymmetric strange and antistrange quark distributions in

transverse coordinate space corresponding to the minimum possible intrinsic strange probability.
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Diehl, Hwang, sjb,  NPB596, 2001
DVCS/GPD
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Abstract 
The school is primarily addressed to Ph.D. students in Theoretical Nuclear and Hadron
Physics. Participation of experimentalists and post-docs is also encouraged. The 2019
edition will be devoted to Hadron Physics, and it will provide a pedagogical introduction to
the basic concepts and tools needed for carrying out cutting-edge research in Continuum
QCD (non-perturbative QCD), Hadron and Exotic Spectroscopy
(Tetraquarks,Pentaquarks,Hybrids), Light-Front Dynamics and Holography, Amplitude-
analysis theoretical tools and Electron-Ion Collider physics. The aim will be both to stress
the intimate connections among those fields and to give much attention to the
interpretation of experimental data, within framework based on ab initio or more
phenomenological approaches. 
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Stanley J. Brodsky (SLAC Natl. Accelerator Lab.): Light-Front Dynamics and
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Fig. 3. Light-cone time-ordered contributions to deeply virtual Compton scattering. Only the

contributions of leading power in 1/Q are illustrated. These contributions illustrate the factorization

property of the leading twist amplitude.

see Fig. 3. We specify the frame by choosing a convenient parametrization of the light-cone

coordinates for the initial and final proton:

P =
(

P+, 0⃗⊥ ,
M2

P+

)
, (3)

P ′ =
(

(1 − ζ )P+, − ∆⃗⊥ ,
M2 + ∆⃗2

⊥
(1 − ζ )P+

)
, (4)

whereM is the proton mass. We use the component notation V = (V +, V⃗⊥ ,V − ), and our

metric is specified by V ± = V 0±V z and V 2 = V +V − − V⃗ 2
⊥ . The four-momentum transfer

from the target is

∆ = P − P ′ =
(

ζP+, ∆⃗⊥ ,
t + ∆⃗2

⊥
ζP+

)
, (5)

where t = ∆2. In addition, overall energy–momentum conservation requires ∆− =
P − − P ′− , which connects ∆⃗2

⊥ , ζ , and t according to

t = 2P · ∆ = − ζ 2M2 + ∆⃗2
⊥

1 − ζ
. (6)

As in the case of space-like form factors, it is convenient to choose a frame where the

incident space-like photon carries q+ = 0 so that q2 = − Q2 = − q⃗2⊥ :

Nuclear Physics B 596 (2001) 99–124

www.elsevier.nl/locate/npe

Light-cone wavefunction representation of deeply
virtual Compton scattering ✩

Stanley J. Brodsky a, Markus Diehl a,1, Dae Sung Hwang b

a Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA
b Department of Physics, Sejong University, Seoul 143-747, South Korea
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Abstract

We give a complete representation of virtual Compton scattering γ ∗p → γp at large initial photon

virtuality Q2 and small momentum transfer squared t in terms of the light-cone wavefunctions of

the target proton. We verify the identities between the skewed parton distributions H(x , ζ, t) and

E(x , ζ, t) which appear in deeply virtual Compton scattering and the corresponding integrands of

the Dirac and Pauli form factors F1(t) and F2(t) and the gravitational form factors Aq(t) and Bq(t)

for each quark and anti-quark constituent. We illustrate the general formalism for the case of deeply

virtual Compton scattering on the quantum fluctuations of a fermion in quantum electrodynamics at

one loop.  2001 Elsevier Science B.V. All rights reserved.

PACS: 12.20.-m; 12.39.Ki; 13.40.Gp; 13.60.Fz

1. Introduction

Virtual Compton scattering γ ∗p → γp (see Fig. 1) has extraordinary sensitivity to

fundamental features of the proton’s structure. Particular interest has been raised by the

description of this process in the limit of large initial photon virtuality Q2 = −q2 [1–5].

Even though the final state photon is on-shell, one finds that the deeply virtual process

probes the elementary quark structure of the proton near the light-cone as an effective

local current, or in other words, that QCD factorization applies [3,6,7].

In contrast to deep inelastic scattering, which measures only the absorptive part of

the forward virtual Compton amplitude, ImTγ ∗p→γ ∗p , deeply virtual Compton scattering

✩Work partially supported by the Department of Energy, contract DE-AC03-76SF00515.

E-mail addresses: sjbth@slac.stanford.edu (S.J. Brodsky), markus.diehl@desy.de (M. Diehl),

dshwang@kunja.sejong.ac.kr (D.S. Hwang).
1 Supported by the Feodor Lynen Program of the Alexander von Humboldt Foundation.

0550-3213/01/$ – see front matter  2001 Elsevier Science B.V. All rights reserved.

PII: S0550-3213(00)00695-7
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Handbag modified by leading-twist lensing!
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Ẽ

d v
(x

,b
⊥

)

 

 

x=0.3

x=0.5

x=0.8

FIG. 1: (Color online) Plots of chiral-even GPDs in impact parameter space as functions of b = |b⊥|

for different values of x = 0.3, 0.5, 0.8 and the initial scale µ0 = 0.313 GeV. Left panel for u quark

and right panel for d quark.
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FIG. 1: (Color online) Plots of chiral-even GPDs in impact parameter space as functions of b = |b⊥|

for different values of x = 0.3, 0.5, 0.8 and the initial scale µ0 = 0.313 GeV. Left panel for u quark

and right panel for d quark.
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FIG. 1: (Color online) Plots of chiral-even GPDs in impact parameter space as functions of b = |b⊥|

for different values of x = 0.3, 0.5, 0.8 and the initial scale µ0 = 0.313 GeV. Left panel for u quark
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and spin densities in a 

proton



J=0 Fixed Pole  Contribution to DVCS

p
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p�
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p�
p

• J=0 fixed pole -- direct test of QCD locality -- from seagull or 
instantaneous contribution to Feynman propagator

Szczepaniak, Llanes-Estrada, 
sjb

Real amplitude, independent of Q2 at fixed t

Close, Gunion, sjb

squarks

quarks
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Abstract 
The school is primarily addressed to Ph.D. students in Theoretical Nuclear and Hadron
Physics. Participation of experimentalists and post-docs is also encouraged. The 2019
edition will be devoted to Hadron Physics, and it will provide a pedagogical introduction to
the basic concepts and tools needed for carrying out cutting-edge research in Continuum
QCD (non-perturbative QCD), Hadron and Exotic Spectroscopy
(Tetraquarks,Pentaquarks,Hybrids), Light-Front Dynamics and Holography, Amplitude-
analysis theoretical tools and Electron-Ion Collider physics. The aim will be both to stress
the intimate connections among those fields and to give much attention to the
interpretation of experimental data, within framework based on ab initio or more
phenomenological approaches. 

Topics 
Stanley J. Brodsky (SLAC Natl. Accelerator Lab.): Light-Front Dynamics and
Holography
Abhay Deshpande (Stony Brook Univ. & Brookhaven Natl. Lab.): Electron-Ion Collider
physics
Craig D. Roberts (Argonne Natl. Lab.): Continuum-QCD in non perturbative regime 
Adam P. Szczepaniak (Indiana Univ. & JPAC@JLAB): Hadron spectroscopy and
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Leading-Twist Contribution to Real Part of DVCS

p p

Origin of ‘D-Term’ 
in QCD

T = �2
X

q

e2
q

xq
~✏ · ~✏0

LF Instantaneous interaction

s-independent  
‘J=0 fixed pole’

Damashek, Gilman 
Close, Gunion, sjb 

Szczepaniak,                   
Llanes Estrada, sjb

Analytic continuation 
in αR

T(s, t) ∝ s0 × FC=+(t)



Hard Reggeon 
 Domain

Deeply Virtual Compton Scattering

p

�⇤

�R(t) ⇠ 1
t2

Reflects elementary coupling of two photons to quarks

s >> �t, Q2 >> ⇤2
QCD

�⇤p! �p

p

↵R(t)! 0

T (�⇤(q)p! �(k) + p) ⇠ ✏ · ✏0
X

R

s↵
R(t)�R(t)

Seagull interaction
(instantaneous quark 
exchange or Z-graph)

d�
dt ⇠

1
s2

1
t4 ⇠

1
s6 at fixed Q2

s , t
s



J=0 Fixed pole in real and virtual Compton scattering

Damashek, Gilman; 
Close, Gunion, sjb 

Llanes-Estrada, 
Szczepaniak, sjb

• Effective two-photon contact term 

•  Seagull for scalar quarks

• Real phase

• Independent of Q2 at fixed t

• <1/x> Moment: Related to Feynman-Hellman Theorem

• Fundamental test of local gauge theory

s2 d⇥

dt
(��p� �p) = F 2(t)

Q2-independent contribution to Real DVCS amplitude

�

p p

��(q)

M = s0
�

e2
qFq(t)

independent of s



“Handbag” Approximation

• Parton model: assumes current-current correlator carried by single 
quark propagator at high photon virtuality 

• Imaginary Part of  Virtual Forward Compton Amplitude gives DIS 
structure Functions 

• Leading-Twist Dominance — Motivated by the Operator Product 
Expansion 

• Produces Momentum and  Baryon Number Sum Rules 

• Real Part: J=0 Fixed Pole from local two-photon operators 

• Will show: Handbag Approximation invalid for DVCS on a nuclear 
target because of shadowing, antishadowing! 

• Recall:  Sivers Effect and Diffractive DIS are leading twist!

g



Light-front formulation of the standard model

Prem P. Srivastava*
Instituto de Fı́sica, Universidade do Estado de Rio de Janeiro, RJ 20550, Brazil,

Theoretical Physics Department, Fermilab, Batavia, Illinois 60510,
and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

Stanley J. Brodsky†
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

!Received 20 February 2002; published 20 August 2002"

Light-front !LF" quantization in the light-cone !LC" gauge is used to construct a renormalizable theory of the
standard model. The framework derived earlier for QCD is extended to the Glashow-Weinberg-Salam !GWS"
model of electroweak interaction theory. The Lorentz condition is automatically satisfied in LF-quantized QCD
in the LC gauge for the free massless gauge field. In the GWS model, with the spontaneous symmetry breaking
present, we find that the ’t Hooft condition accompanies the LC gauge condition corresponding to the massive
vector boson. The two transverse polarization vectors for the massive vector boson may be chosen to be the
same as found in QCD. The nontransverse and linearly independent third polarization vector is found to be
parallel to the gauge direction. The corresponding sum over polarizations in the standard model, indicated by
K#$(k), has several simplifying properties similar to the polarization sum D#$(k) in QCD. The framework is
unitary and ghost free !except for the ghosts at k!"0 associated with the light-cone gauge prescription". The
massive gauge field propagator has well-behaved asymptotic behavior. The interaction Hamiltonian of elec-
troweak theory can be expressed in a form resembling that of covariant theory, plus additional instantaneous
interactions which can be treated systematically. The LF formulation also provides a transparent discussion of
the Goldstone boson !or electroweak" equivalence theorem, as the illustrations show.
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I. INTRODUCTION

The quantization of relativistic field theory at fixed light-
front time %"(t#z/c)/!2, which was proposed by Dirac
&1', has found important applications &2–5' in gauge field
theory, string theory &6', and M theory &7', and it has become
a useful alternative tool for the analysis of nonperturbative
problems in quantum chromodynamics &8'. Light-front quan-
tization has been employed in the non-Abelian bosonization
&9' of the field theory of N free Majorana fermions. The
!non-perturbative" degenerate vacuum structures, the
(-vacua in the Schwinger model and their absence in the
chiral Schwinger model, were shown &10,11' to follow trans-
parently in the front form theory, along with the natural
emergence in the former case of their continuum normaliza-
tion. Also the requirement of the microcausality &12' implies
that the LF framework is more appropriate for quantizing
&13' the self-dual !chiral boson" scalar field.
LF quantization is especially useful for quantum chromo-

dynamics, since it provides a rigorous extension of many-
body quantum mechanics to relativistic bound states: the
quark, and gluon momenta and spin correlations of a hadron
become encoded in the form of universal process-
independent, Lorentz-invariant wave functions &2'. The LF
quantization of QCD in its Hamiltonian form thus provides
an alternative to lattice gauge theory for the computation of
nonperturbative quantities such as the spectrum as well as

the LF Fock state wave functions of relativistic bound states
&3'.
We have recently presented a systematic study &14' of

light-cone !LC" gauge LF-quantized QCD theory following
the Dirac method &15,16' and constructed the Dyson-Wick
S-matrix expansion based on LF-time-ordered products. In
our analysis &14' one imposes the light-cone gauge condition
as a linear constraint using a Lagrange multiplier, rather than
a quadratic form. We then find that the LF-quantized free
gauge theory simultaneously satisfies the covariant gauge
condition )•A"0 as an operator condition as well as the LC
gauge condition. The resulting Feynman rule for the gauge
field propagator in the LC gauge is doubly transverse

*0!T„Aa
#!x "Ab

$!0 "…!0+"
i,ab

!2-"4" d4ke#ik•x D#$!k "

k2!i.
!1"

where

D#$!k ""#g#$!
n#k$!n$k#

!n•k "
#

k2

!n•k "2
n#n$ ,

n#D#$"k#D#$"0,

and n# is the null four-vector, gauge direction. Thus only
physical degrees of freedom propagate.
The remarkable properties of !the projector" D$# provide

much simplification in the computations of loop amplitudes.
In the case of tree graphs, the term proportional to n#n$
cancels against the instantaneous gluon exchange term. In
our previous paper &14', we showed how the double-pole

*Deceased.
†Email address: sjbth@slac.stanford.edu
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• Same phenomenological predictions 

• Higgs field has three components 

• Real part creates Higgs particle  

• Imaginary part (Goldstone) become longitudinal 
components of  W,  Z 

• Higgs VEV of instant form becomes k+=0 LF zero mode!

• Analogous to a background static classical Zeeman 
or Stark Fields 

• Zero  contribution to Tμμ ; zero coupling to gravity

Standard Model on the Light-Front 
P. Srivastava, sjb



Abelian  U(1) LF Model with Spontaneous Symmetry Breaking 

Thus a c-number in LF replaces conventional Higgs VEV

No coupling to gravity!

P. Srivastava, sjb

Constraint equation:
R

d2x?dx�
⇥
@?@?�� �V

��†

⇤
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Light-Front Quantization of the Standard Model

• SU(2) X U(1) GWS Model of Weak Interactions

• Non-Abelian Higgs Model in LG Gauge

• Unitary, renormalizable, no Gupta-Bleuler, Fadeev-Popov 
ghosts

• SSB: Perturbative vacuum plus zero mode field

• t’Hooft conditions satisfied

• Higgs field: Real field creates Higgs particle; imaginary 
components identified with longitudinal components of W, Z

• Higgs VEV replaced by zero mode



Ward-Takahashi Identity for axial current

Pµ�5µ(k, P ) + 2im�5(k, P ) = S�1(k + P/2)i�5 + i�5S
�1(k � P/2)

S�1(`) = i� · `A(`2) + B(`2) m(`2) =
B(`2)
A(`2)

Pµ �5�
µ

=
2im�5

Pµ < 0|q̄�5�
µq|⇡ >= 2m < 0|q̄i�5q|⇡ >

Identify pion pole at P 2 = m2
⇡

f⇡m2
⇡ = �(mu + md)⇢⇡

plus non-pole
�5µ

�5



Revised Gell Mann-Oakes-Renner Formula in QCD

current algebra:  
effective pion field

QCD: composite  pion 
Bethe-Salpeter Eq.

vacuum condensate actually is an “in-hadron condensate”

Maris, Roberts, Tandy⇡� < 0|q̄�5q|⇡ >

m2
⇡ = � (mu + md)

f⇡
< 0|iq̄�5q|⇡ >

m2
⇡ = � (mu + md)

f2
⇡

< 0|q̄q|0 >



�� = 0.76(expt)
(��)EW � 1056

(��)QCD � 1045
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DARK ENERGY AND
THE COSMOLOGICAL CONSTANT PARADOX

A. ZEE

Department of Physics, University of California, Santa Barbara, CA 93106, USA
Kavil Institute for Theoretical Physics, University of California,

Santa Barbara, CA 93106, USA
zee@kitp.ucsb.edu

I give a brief and idiosyncratic overview of the cosmological constant paradox.

1.

Gravity knows about everything, whatever its origin, luminous or dark, even the
energy contained in fluctuating quantum fields.

As is well known, this leads us to one of the gravest puzzles of theoretical
physics. Consider the Feynman diagram with the graviton coupling to a matter
field (for example an electron field) loop. If we claim to understand the physics
of the electron field up to an energy scale of M, then the graviton sees an energy
density given schematically by Λ ∼ M 4 + M2m2

elog( M
me

) + m4
elog( M

me
) + · · · . Just

about any reasonable choice of M leads to a humongous energy density!!! In fact,
even if the first two terms were to be mysteriously deleted, there is still an energy
density of order m4

e, that is, an energy density corresponding to one electron mass
in a volume the size of the Compton wavelength of the electron, filling all of space,
which is clearly unacceptable.

Apparently, this disastrous prediction of quantum field theory has nothing to
do with quantum gravity. Indeed, the quantum field theory we need for the matter
field is merely free field theory: we are just adding up zero point energy of harmonic
oscillators.

The cosmological constant paradox may be summarized as follows. In some
suitable units, the cosmological constant was expected to have the value ∼ 10123.
This was so huge that it was decreed to be equal to = 0 identically, while the
measured value turned out to be ∼ 1. I have argued elsewhere that the proton
decay rate might offer an instructive lesson here.

I am presuming that the observed dark energy is the fabled cosmological con-
stant. The evidence seems increasingly to favor this simplest of hypotheses. Even
if this were not the case, much of the paradox still remains.

I define Λ by writing the Einstein-Hilbert action as
∫

d4x
√

g( 1
GR+Λ). It is useful

1336

“One of the gravest puzzles of 
theoretical physics”

Elements of the solution: 
(A) Light-Front Quantization: causal, frame-independent vacuum 

(B) New understanding of QCD “Condensates” 
(C) Higgs Light-Front Zero Mode 

Extraordinary conflict between the conventional definition of the vacuum in 
quantum field theory and cosmology
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