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contributions in different angular-momentum configura-
tions from the broad and overlapping resonances. Thus,
there is now the chance to clarify the “missing” resonance
problem. The attempt to assign (nearly) all baryon reso-
nances to SU(3) multiplets should be helpful to identify
problems and to serve as guidance for further discussions.
This assignment requires to identify the leading orbital
angular momenta L and the spin S within the three-
quark system. Measured quantities are only the total an-
gular momentum, the spin J of the baryon, and its mass.
Here, theoretical input is required. We use a holographic
mass formula derived in [11] which reproduces the known
spectrum of nucleon and ∆ resonances with remarkable
precision.

In this paper, we shall use the word missing resonance
in a restricted sense. E.g., we may interpret the three
resonances N3/2+(1900), N5/2+(2000), N7/2+(1990) [12]
as members of a spin quartet, with orbital angular mo-
menta L = 2 and quark spin S = 3/2 coupling to the ob-
served particle spin J . In this interpretation, N1/2+(1880)
—observed in recent coupled-channel analyses [13]— was
missing to complete a quark spin quartet [14]. But the
existence of a N1/2+ resonance would be required in any
kind of quark model. More subtle is the question if two ad-
ditional doublets (N3/2+ , N5/2+) and (∆3/2+ , ∆5/2+) as
requested by symmetry arguments (see eq. (9) below) are
realized in nature. None of these states has been observed.
The latter type of resonances, i.e. the non-observation of a
complete L, S multiplet, we shall call missing resonances
in the context of this paper.

We refrain here from a discussion of the possibility that
baryon resonances are formed as parity doublets. If this
conjecture holds true, it gives an exciting new approach to
the internal dynamics of excited hadronic states; we give
here a few references for further reading [15–18]. However,
the predictive power of the conjecture is limited: it pre-
dicts that resonances should occur as parity doublets but
there is no prediction at which mass. In this article we
hence restrict ourselves to a discussion of the data within
the quark model and its symmetries.

The outline of the paper is as follows: In sects. 2 and 3
we summarise the empirical data on light-flavoured delta
and nucleon resonances, respectively. In particular we re-
call that these can be suitable organised according to lead-
ing and daughter Regge trajectories where the resonance
positions follow from a simple mass formula. In sect. 4
we summarise the relevant symmetries for light-flavoured
baryons and the classification of states in multiplets within
the framework of the (harmonic oscillator) constituent
quark model. In sect. 5 we discuss the structure of the
nucleon and ∆ resonances within the framework of this
classification, before concluding in sect. 6.

2 The mass spectrum of ∆ resonances

2.1 Regge trajectories

It is well known that meson and baryon resonances lie on
Regge trajectories, i.e. that their squared masses depend
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Fig. 1. The leading Regge trajectory: ∆ resonances with maxi-
mal J in a given mass range. Also shown is the Regge trajectory
for mesons with J = L + S.

linearly on the total angular momentum J . Figure 1 shows
such a plot; ∆ resonances are plotted having the largest
total angular momentum J in a given mass range. This
trajectory is called the leading Regge trajectory. The reso-
nances are consistent with having even orbital angular mo-
mentum L = 0, 2, 4, 6 and quark spin S = 3/2 maximally
aligned to form total angular momentum J = L+3/2. The
errors in the fit are given by the PDG errors and a second
systematic error of 30MeV added quadratically. This sys-
tematic error is introduced to avoid hard constraints from
well measured meson or baryon masses like the ∆(1232)
mass; the error can be interpreted as uncertainty due to
variations of the self-energy of different hadrons due to,
e.g., the proximity of (strong) decay thresholds.

Figure 1 also shows the leading Regge trajectory of
natural-parity mesons, again as a function of the total an-
gular momentum. Light mesons with approximate isospin
degeneracy and with J = L+1 are presented. Although it
is customary to plot the meson trajectories for L even and
L odd (for positive- and negative-parity mesons, respec-
tively) separately, there is no problem fitting both trajec-
tories simultaneously: This property is called MacDowell
symmetry [19].

The dotted line represents such a common fit to the
meson masses taken from the PDG [12]; the error in the fit
is given by the PDG errors and a second systematic error
of 30MeV added quadratically. The slope is determined
as 1.142GeV2. The ∆ trajectory is given by the ∆(1232)
mass and the slope as determined from the meson tra-
jectory. Obviously, mesons and ∆’s have the same Regge
slope. This observation is the basis for diquark models;
indeed, the QCD forces between quark and antiquark are
the same as those between quark and diquark.

The leading Regge trajectory:  Δ resonances with maximal J in a given mass range. 
Also shown is the Regge trajectory for mesons with J = L+S.

M2[GeV2]

E. Klempt and B. Ch. Metsch

Mesons and Baryons: Same Regge Slope M2 / J !
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Profound Questions for Hadron Physics

• Color Confinement 

• Origin of the QCD Mass Scale 

• Meson and Baryon Spectroscopy 

• Exotic States: Tetraquarks, Pentaquarks, Gluonium, 

• Universal Regge Slopes: n, L, Mesons and Baryons 

• Massless Pion: Quark Anti-Quark Bound State 

• Hadron Structure and Dynamics: QCD Coupling at all 
Scales



Need a First Approximation to QCD 

 Comparable in simplicity to 
Schrödinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining 

Origin of hadronic mass scale

AdS/QCD 
Light-Front Holography  
Superconformal Algebra

     No parameters except for quark masses! 



Fig. 1. Dirac’s three forms of Hamiltonian dynamics.

2.4. Forms of Hamiltonian dynamics

Obviously, one has many possibilities to parametrize space—time by introducing some general-
ized coordinates xJ (x). But one should exclude all those which are accessible by a Lorentz
transformation. Those are included anyway in a covariant formalism. This limits considerably the
freedom and excludes, for example, almost all rotation angles. Following Dirac [123] there are no
more than three basically different parametrizations. They are illustrated in Fig. 1, and cannot be
mapped on each other by a Lorentz transform. They differ by the hypersphere on which the fields
are initialized, and correspondingly one has different “times”. Each of these space—time parametriz-
ations has thus its own Hamiltonian, and correspondingly Dirac [123] speaks of the three forms of
Hamiltonian dynamics: The instant form is the familiar one, with its hypersphere given by t"0. In
the front form the hypersphere is a tangent plane to the light cone. In the point form the time-like
coordinate is identified with the eigentime of a physical system and the hypersphere has a shape of
a hyperboloid.

Which of the three forms should be prefered? The question is diffi cult to answer, in fact it is
ill-posed. In principle, all three forms should yield the same physical results, since physics should
not depend on how one parametrizes the space (and the time). If it depends on it, one has made
a mistake. But usually one adjusts parametrization to the nature of the physical problem to
simplify the amount of practical work. Since one knows so little on the typical solutions of a field
theory, it might well be worth the effort to admit also other than the conventional “instant” form.

The bulk of research on field theory implicitly uses the instant form, which we do not even
attempt to summarize. Although it is the conventional choice for quantizing field theory, it has

S.J. Brodsky et al. / Physics Reports 301 (1998) 299—486 315

Instant Form Front Form 
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Dirac’s Amazing Idea: 
The “Front Form”

Casual, Boost Invariant!

 Trivial LF Vacuum (up to zero modes) 
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Dirac’s Front Form: Fixed τ = t+ z/c

Bound States in Relativistic Quantum Field Theory: 

Light-Front Wavefunctions

Remarkable new insights from AdS/CFT, the duality 
between conformal field theory  and Anti-de Sitter Space 
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General remarks about orbital angular mo-
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For leptons, such as the electron or neutrino, it is convenient to employ the electron
mass for M , so that the magnetic moment is given in Bohr magnetons.

Now we turn to the evaluation of the helicity-conserving and helicity-flip vector-
current matrix elements in the light-front formalism. In the interaction picture, the
current Jµ(0) is represented as a bilinear product of free fields, so that it has an
elementary coupling to the constituent fields [13, 14, 15]. The Dirac form factor can
then be calculated from the expression
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The summations are over all contributing Fock states a and struck constituent charges
ej. Here, as earlier, we refrain from including the constituents’ color and flavor
dependence in the arguments of the light-front wave functions. The phase-space
integration is
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where n denotes the number of constituents in Fock state a and we sum over the
possible {⇥i}, {ci}, and {fi} in state a. The arguments of the final-state, light-front
wave function di�erentiate between the struck and spectator constituents; namely, we
have [13, 15]

k⌅
⇧j = k⇧j + (1� xj)q⇧ (14)

for the struck constituent j and

k⌅
⇧i = k⇧i � xiq⇧ (15)

for each spectator i, where i ⌅= j. Note that because of the frame choice q+ = 0, only
diagonal (n⌅ = n) overlaps of the light-front Fock states appear [14].
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integration is

⌥
[dx] [d2k⇧] ⇤

⇧

�i,ci,fi

⇤
n⌃

i=1

�⌥ ⌥ dxi d2k⇧i

2(2⇤)3

⇥⌅

16⇤3�

�

1�
n⇧

i=1

xi

⇥

�(2)

�
n⇧

i=1

k⇧i

⇥

, (13)

where n denotes the number of constituents in Fock state a and we sum over the
possible {⇥i}, {ci}, and {fi} in state a. The arguments of the final-state, light-front
wave function di�erentiate between the struck and spectator constituents; namely, we
have [13, 15]

k⌅
⇧j = k⇧j + (1� xj)q⇧ (14)

for the struck constituent j and

k⌅
⇧i = k⇧i � xiq⇧ (15)

for each spectator i, where i ⌅= j. Note that because of the frame choice q+ = 0, only
diagonal (n⌅ = n) overlaps of the light-front Fock states appear [14].

6

Drell, sjb
A(⇤,�⌅) = 1

2⇥

�
d�e

i
2⇤�M(�,�⌅)

P+, �P⌅

xiP
+, xi

�P⌅+ �k⌅i

� = Q2

2p·q

x̂, ŷ plane

M2(L) ⇤ L

Must have �↵z = ±1 to have nonzero F2(q2)

-

� = 0

B(0) = 0 Fock-state-by-Fock state

qR,L = qx ± iqy

⇤(x, b⌅)

x

b⌅(GeV)�1

Identify z ⇤ ⇥ =
q

x(1� x) b⌅

Nonzero Proton Anomalous Moment --> 
Nonzero orbital  quark angular momentum

Exact LF Formula for Pauli Form Factor

Lz=+1 Lz=0



-

graviton

Vanishing Anomalous gravitomagnetic moment  B(0)

B(0) = 0 Each Fock State

sum over constituents

Terayev, Okun: B(0) Must vanish because of  
Equivalence Theorem 

Dae Sung Hwang, Bo-Qiang Ma, Ivan Schmidt, sjb

LF Proof 



p

�⇤

p + q

Must include vacuum-induced currents to compute form factors and 
other current matrix elements in instant form

Boost are dynamical in instant form

acausal event! Instant Form



Advantages of the Dirac’s Front Form for Hadron Physics

• Measurements are made at fixed τ 

• Causality is automatic 

• Structure Functions are squares of LFWFs 

• Form Factors are overlap of LFWFs 

• LFWFs are frame-independent: no boosts, no pancakes! 

• Same structure function measured at an e p collider and the 
proton rest frame 

• No dependence of hadron structure on observer’s frame 

• LF Holography: Dual to AdS space 

• LF Vacuum trivial up to zero modes  

• Implications for Cosmological Constant

Physics Independent of Observer’s Motion

Poincare’ Invariant

Roberts, Shrock, Tandy, sjb

Penrose, Terrell, Weisskopf



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

Sivers, T-odd from lensing

Light-Front Wavefunctions
underly hadronic observables

DGLAP, ERBL Evolution
Factorization Theorems

Weak transition  
form factors

Diffractive DIS from FSI



Light-Front QCD

Eigenvalues and Eigensolutions give Hadronic 
Spectrum and Light-Front wavefunctions

HQCD
LF |�h >= M2

h|�h >

HQCD
LF =

�

i

[
m2 + k2

�
x

]i + Hint
LF

Fig. 6. A few selected matrix elements of the QCD front form Hamiltonian H"P
!

in LB-convention.

10. For the instantaneous fermion lines use the factor ¼
"

in Fig. 5 or Fig. 6, or the corresponding
tables in Section 4. For the instantaneous boson lines use the factor ¼

#
.

The light-cone Fock state representation can thus be used advantageously in perturbation
theory. The sum over intermediate Fock states is equivalent to summing all x!-ordered diagrams
and integrating over the transverse momentum and light-cone fractions x. Because of the restric-
tion to positive x, diagrams corresponding to vacuum fluctuations or those containing backward-
moving lines are eliminated.

3.4. Example 1: ¹he qqN -scattering amplitude

The simplest application of the above rules is the calculation of the electron—muon scattering
amplitude to lowest non-trivial order. But the quark—antiquark scattering is only marginally more
difficult. We thus imagine an initial (q, qN )-pair with different flavors fOfM to be scattered off each
other by exchanging a gluon.

Let us treat this problem as a pedagogical example to demonstrate the rules. Rule 1: There are
two time-ordered diagrams associated with this process. In the first one the gluon is emitted by the
quark and absorbed by the antiquark, and in the second it is emitted by the antiquark and
absorbed by the quark. For the first diagram, we assign the momenta required in rule 2 by giving
explicitly the initial and final Fock states

!q, qN " " 1

!n
$

%$

!
$!"

b!
$"

(k
&
, #

&
)d!

$"M
(k

&N
, #

&N
)!0" , (3.29)

!q$, qN $" " 1

!n
$

%$
!
$!"

b!
$"

(k $
&
, #$

&
)d!

$"M
(k $

&N
, #$

&N
)!0" , (3.30)

338 S.J. Brodsky et al. / Physics Reports 301 (1998) 299—486

LQCD � HQCD
LF

Hint
LF : Matrix in Fock Space

Physical gauge: A+ = 0

Exact frame-independent formulation of 
nonperturbative QCD!

H
int
LF

LFWFs: Off-shell in P- and invariant mass

|p, Jz >=
X

n=3

 n(xi,~k?i,�i)|n;xi,~k?i,�i >



• “History” : Compute any subgraph only once since the LFPth 
numerator does not depend on the process — only the 
denominator changes!

• Wick Theorem applies, but few amplitudes since all k+ > 0.

• Jz Conservation at every vertex

• Unitarity is explicit

• Loop Integrals are 3-dimensional

• hadronization: coalesce comoving quarks and gluons to 
hadrons using light-front wavefunctions

Light-Front Perturbation Theory for pQCD

Z 1

0
dx

Z
d2k?

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

at order gn|
X

initial

Sz �
X

final

Sz |  n

K. Chiu, Lorcé, sjb

T = HI + HI
1

M2
initial �M2

intermediate + i✏
HI + · · ·



HQED

Coupled Fock states

Effective two-particle equation

 Azimuthal  Basis

Confining AdS/QCD  
potential!  

HLF
QCD

(H0
LF + HI

LF )|� >= M2|� >

[
�k2
� + m2

x(1� x)
+ V LF

e� ] �LF (x,�k�) = M2 �LF (x,�k�)

�,⇥

Semiclassical first approximation to QCD  

U(⇣) = 4⇣2 + 22(L + S � 1)

Light-Front QCD

AdS/QCD:

�2 = x(1� x)b2
�

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

Sums an infinite # diagrams

LQCD

Eliminate higher Fock states              
and retarded interactions

⇥
� d2

d⇣2
+

1� 4L2

4⇣2
+ U(⇣)

⇤
 (⇣) =M2 (⇣)

mq = 0
Single variable Equation!



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

AdS5
Exploring QCD, Cambridge, August 20-24, 2007 Page 9

Maldacena



7th International Conference on High Energy Physics in the LHC Era7th International Conference on High Energy Physics in the LHC Era

LC2019
 Stan Brodsky Supersymmetric Features of Hadron Physics 

from Superconformal Algebra and Light-Front Holography

19 Sept 2019

9/9/2019 LC2019 - QCD on the light cone: from hadrons to heavy ions (16-20 September 2019): Overview · Indico

https://indico.cern.ch/event/734913/ 1/2

Starts 16 Sep 2019, 08:30
Ends 20 Sep 2019, 18:30

Ecole Polytechnique, Palaiseau, France
Amphithéâtre Sophie Germain

Note: On Saturday 21 and Sunday 22, no RER B trains will be available between "Paris Gare du Nord"
and "Charles de Gaulle Airport". We advise you to take the RER D up to the station "Stade de France"
and then take a substitution bus from there. We are sorry for the inconvenience.

 

Light Cone 2019 is the latest in the series of conferences that, beginning in 1991, have played an
important role in promoting research towards a rigorous description of hadrons and nuclei based on
quantisation methods in the front form.

As with earlier conferences in the series, the aim of this meeting will be to create a scientific program
that will stimulate developments at the forefront of nuclear, hadron and particle physics research. In
particular, Light Cone 2019 will focus on the following physics topics and approaches:

Physics Topics

Hadronic structure
Small-x physics and heavy ions
QCD at finite temperature
Few- and many-body physics
Chiral symmetry
Quarkonia

Approaches

Field theories in the front form
Lattice field theory
Effective field theories
Phenomenological models
Present and future facilities

We look forward to welcoming you at Ecole Polytechnique in September 2019 !

Organizers

m lc2019@ipno.in2p3.fr

LC2019 - QCD on the light cone: from hadrons to heavy ions

16-20 September 2019

Ecole Polytechnique, Palaiseau, France

Europe/Paris timezone

Search... 7

  K  L   d $  .  Europe/Paris$  English$  Login

Overview

Timetable

Call for Abstracts

Registration

Participant List

Accommodation

Conference venue

Poster

Local organizing

committee

ILCAC

Previous meetings

•Soft-wall dilaton profile breaks 
conformal invariance

•Color Confinement in z

•Introduces confinement scale κ

•Uses AdS5 as template for conformal 
theory

e'(z) = e+2z2

Dilaton-Modified AdS

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

https://indico.cern.ch/event/628450/
https://indico.cern.ch/event/628450/


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

Derived from variation of Action for Dilaton-Modified AdS5 

Identical to Single-Variable Light-Front Bound State Equation in ζ! 

U(z) = �4z2 + 2�2(L + S � 1)

• 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



⌅(x,�b⇤) = ⌅(⇥)

⇤(z)

⇥ =
�

(x(1� x)|b⇤|

z

z�

z0 = 1
⇥QCD

�d⇥ np

⌅(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

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

x (1� x) �b⇥

⇤(x,�b⇥) = ⇤(�)

⇥(z)

� =
�

x(1� x)�b2⇥

z

z�

z0 = 1
⇥QCD

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 Holographic Dictionary



Light-Front Holography  

AdS/QCD 
Soft-Wall  Model 

Conformal Symmetry 
of the action  

U(⇣) = 4⇣2 + 22(L + S � 1)

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

Confinement scale:   

Light-Front Schrödinger Equation Unique 
Confinement Potential!

de Tèramond, Dosch, sjb

 ' 0.5 GeV

• de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM 
without affecting conformal invariance of action!• Fubini, Rabinovici: 

e'(z) = e+2z2

Single variable  ζ

⇥
� d2

d⇣2 � 1�4L2

4⇣2 + U(⇣)
⇤
 (⇣) = M2 (⇣)

�
� 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

GeV units external to QCD: Only Ratios of Masses Determined



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

U(⇣2) = 4⇣2 + 22(J � 1)

z ! ⇣

Pion: Negative term  for J=0 cancels 
positive terms from LFKE and potentialm⇡ = 0 if mq = 0

Massless pion! 

~⇣2 = ~b2?x(1� x)
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Fig: Orbital and radial AdS modes in the soft wall model for � = 0.6 GeV .
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Exploring QCD, Cambridge, August 20-24, 2007 Page 26

S = 0 S = 0

Soft Wall 
Model

mq = 0

Quark separation 
increases with L

Pion has 
zero mass!

Same slope in n and L!
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Figure 1: Comparison of the light-front holographic prediction [1] M
2(n, L, S) =

4�(n+ L+ S/2) for the orbital L and radial n excitations of the meson spectrum with
experiment. See Ref. [2]

1 Introduction

A remarkable empirical feature of the hadronic spectrum is the near equality of the

slopes of meson and baryon Regge trajectories. The square of the masses of hadrons

composed of light quarks is linearly proportional not only to L, the orbital angular

momentum, but also to the principal quantum number n, the number of radial nodes in

the hadronic wavefunction as seen in Fig. 1. The Regge slopes in n and L are equal, as in

the meson formula M
2
M
(n, L, S) = 4�(n+L+S/2 from light front holographic QCD [1],

but even more surprising, they are observed to be equal for both the meson and baryon

trajectories, as shown in Fig. 2. The mean value for all of the slopes is  =
p
� = 0.523

GeV. See Fig. 3.

4

M2(n,L, S) = 42(n + L + S/2) Equal Slope in n and L



Structure of the Vacuum in Light-Front Dynamics

• Results easily extended to light quarks masses (Ex: K-mesons)
[GdT, S. J. Brodsky and H. G.Dosch, arXiv:1405.2451 [hep-ph]]

• First order perturbation in the quark masses

�M2 = h |
X

a

m2
a/xa| i

• Holographic LFWF with quark masses
[S. J. Brodsky and GdT, arXiv:0802.0514 [hep-ph]

 (x, ⇣) ⇠
p

x(1� x) e�
1
2�

�m2
q

x +
m2

q
1�x

�
e�

1
2� ⇣2

• Ex: Description of diffractive vector meson production at HERA
[J. R. Forshaw and R. Sandapen, PRL 109, 081601 (2012)]

• For the K⇤

M2
n,L,S = M2

K± + 4�
✓

n +
J + L

2

◆

• Effective quark masses from reduction of higher Fock states as functionals of the valence state:

mu = md = 46 MeV, ms = 357 MeV

Niccolò Cabeo 2014, Ferrara, May 20, 2012
Page 33

De Tèramond, Dosch, sjb

from LF Higgs mechanism

Effective mass from m(p2) Roberts, et al.



Prediction from AdS/QCD: Meson LFWF

�(x, k�)
0.20.40.60.8

1.3

1.4

1.5

0

0.05

0.1

0.15

0.2

0

5

       “Soft Wall” 
model

�(x, k�)(GeV)

de Teramond, 
Cao, sjb⇥M(x, Q0) ⇥

�
x(1� x)

⇤M(x, k2
⇤)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

µ�

massless quarks

Note coupling  

k2
�, x

Provides Connection of Confinement to Hadron Structure

⇤M (x, k⇥) =
4⇥

�
�

x(1� x)
e
� k2

⇥
2�2x(1�x)

x

1� x

�⇡(x) =
4p
3⇡

f⇡

p
x(1� x)

f⇡ =
p

Pqq̄

p
3

8
 = 92.4 MeV Same as DSE!

e'(z) = e+2z

C. D. Roberts et al.



Holographic Mapping of AdS Modes to QCD LFWFs

• Integrate Soper formula over angles:

F (q2) = 2⇥

⇧ 1

0
dx

(1� x)
x

⇧
�d�J0

⇥
�q

⌥
1� x

x

⇤
⇤̃(x, �),

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

• Transversality variable

� =
⌥

x

1� x

���
n�1⌅

j=1

xjb⇥j

���.

• 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

⌅(x,�b⇤) = ⌅(⇥)

⇤(z)

⇥ =
�

x(1� x)�b2⇤

z

z�

z0 = 1
⇥QCD

�d⇥ np

Drell-Yan-West: Form Factors are 
Convolution of LFWFs

Identical to Polchinski-Strassler Convolution of AdS Amplitudes

de Teramond, sjb
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G. de Teramond & sjb

Timelike Pion Form Factor from AdS/QCD  
          and Light-Front Holography

s(GeV2)

F⇡(s) = (1� �) 1
(1� s
M2

⇢
) + � 1

(1� s
M2

⇢
)(1� s

M2
⇢0

)(1� s
M2

⇢00
)

Prescription for 
Timelike poles :

1
s�M2 + i

p
s�

log |F⇡(s)|
� = 0.17

M2
⇢n

= 42(1/2 + n)

Frascati data 14% four-quark 
 probability



J. R. Forshaw,  
R. Sandapen

�⇤p! ⇢0p0

�L

�T

⇤M (x, k⇥) =
4⇥

�
�

x(1� x)
e
� k2

⇥
2�2x(1�x)



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

0.20.40.60.8
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�(x, k�)(GeV)

�(x, k�)

• Light Front Wavefunctions:                                   

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

“Hadronization at the Amplitude Level”

o↵-shell in P� and invariant massM2
qq̄

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

Boost-invariant LFWF connects confined quarks and gluons to hadrons

x,~k?

1� x,�~k?



γu ≡
2χpγp þ χnγn
2χp þ χn

; γd ≡
2χnγn þ χpγp
2χn þ χp

; ð19Þ

where the higher Fock probabilities γp;n represent the large
distance pion contribution and have the values γp ¼ 0.27
and γn ¼ 0.38 [56]. Our results for Eq

vðx; tÞ are displayed
in Fig. 3.
Pion GPD.—The expression for the pion GPD

Hu;d̄
v ðx; tÞ ¼ qu;d̄v ðxÞ exp ½tfðxÞ& follows from the pion FF

in [81], where the contribution from higher Fock compo-
nents was determined from the analysis of the timelike
region [81]. Up to twist 4,

qu;d̄v ðxÞ ¼ ð1 − γÞqτ¼2ðxÞ þ γqτ¼4ðxÞ; ð20Þ

where the PDFs are normalized to the valence quark
content of the pion

R
1
0 dxq

u;d̄
v ðxÞ ¼ 1, and γ ¼ 0.125

represents the meson cloud contribution determined in [28].
The pion PDFs are evolved to μ2 ¼ 27 GeV2 at next-to-

leadingorder (NLO) to comparewith theNLOglobal analysis
in [82,83] of the data [84]. The initial scale is set at μ0 ¼
1.1'0.2 GeV from the matching procedure in Ref. [75] at
NLO. The result is shown in Fig. 4, and the t dependence of
Hq

vðx; tÞ is illustrated in Fig. 5. We have also included the
NNLO results in Fig. 4, to comparewith future data analysis.
Our results are in good agreement with the data analysis

in Ref. [82] and consistent with the nucleon global fit
results through the GPD universality described here. There
is, however, a tension with the data analysis in [83] for
x ≥ 0.6 and with the Dyson-Schwinger results in [85],
which incorporate the ð1 − xÞ2 pQCD falloff at large x from
hard gluon transfer to the spectator quarks. In contrast, our
nonperturbative results falloff as 1 − x from the leading

twist-2 term in (20). A softer falloff ∼ð1 − xÞ1.5 in Fig. 4
follows from DGLAP evolution. Our analysis incorporates
the nonperturbative behavior of effective LFWFs in the
limit of zero quark masses. However, if we include a
nonzero quark mass in the LFWFs [28,86,87], the PDFs
will be further suppressed at x → 1.
Effective LFWFs.—Form factors in light-front quantiza-

tion can be written in terms of an effective single-particle
density [88]

FðQ2Þ ¼
Z

1

0
dxρðx;QÞ; ð21Þ

where ρðx;QÞ ¼ 2π
R∞
0 dbbJ0½bQð1 − xÞ&jψ effðx; bÞj2

with transverse separation b ¼ jb⊥j. From (8), we find
the effective LFWF

ψτ
effðx;b⊥Þ ¼

1

2
ffiffiffi
π

p

ffiffiffiffiffiffiffiffiffiffiffi
qτðxÞ
fðxÞ

s

ð1 − xÞ exp
"
−
ð1 − xÞ2

8fðxÞ
b2⊥

#
;

ð22Þ

FIG. 3. Nucleon GPDs for different values of −t ¼ Q2 at
the scale μ0 ¼ 1.06'0.15 GeV. (Top) Spin nonflip Hq

vðx; tÞ.
(Bottom) Spin-flip Eq

vðx; tÞ.

FIG. 4. Comparison for xqðxÞ in the pion from LFHQCD (red
band) with the NLO fits [82,83] (gray band and green curve) and
the LO extraction [84]. NNLO results are also included (light blue
band). LFHQCD results are evolved from the initial scale μ0 ¼
1.1'0.2 GeV at NLO and the initial scale μ0 ¼ 1.06'0.15 GeV
at NNLO.

FIG. 5. Pion GPD for different values of −t ¼ Q2 at the scale
μ0 ¼ 1.1'0.2 GeV.
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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



QCD Lagrangian

LQCD = �1
4
Tr(Gµ⌫Gµ⌫) +

nfX

f=1

i ̄fDµ�µ f +
nfX

f=1

mf  ̄f f

iDµ = i@µ � gAµ Gµ⌫ = @µAµ � @⌫Aµ � g[Aµ, A⌫ ]

Classical Chiral Lagrangian is Conformally Invariant  

Where does the QCD Mass Scale come from?  

• de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM 
without affecting conformal invariance of action!

Unique confinement potential!

QCD does not know what MeV units mean! 
Only Ratios of Masses Determined



G = uH + vD + wK

G| (⌧) >= i
@

@⌧
| (⌧) >

G = H⌧ =
1
2
�
� d

2

dx2
+

g

x2
+

4uw � v
2

4
x

2
�

Retains conformal invariance of action despite mass scale! 

Identical to LF Hamiltonian with unique potential and dilaton! 

• de Alfaro, Fubini, Furlan

⇥
� d2

d⇣2
+

1� 4L2

4⇣2
+ U(⇣)

⇤
 (⇣) =M2 (⇣)

U(⇣) = 4⇣2 + 22(L + S � 1)

4uw � v2 = 4 = [M ]4

• Dosch, de Teramond, sjb

New term

(dAFF)



fixed uniquely: it is, like the original Hamiltonian with unbroken dilatation symmetry,179

a constant of motion (2). This procedure breaks scale invariance by a redefinition of180

the fields and the time parameter (16). The Lagrangian, expressed in terms of the181

original fields Q(t) is unchanged up to a total derivative (2). The dAFF mechanism182

is reminiscent of spontaneous symmetry breaking, however, this is not the case since183

there are no degenerate vacua (14) and thus a massless scalar 0++ state is not required.184

The dAFF mechanism is also di↵erent from usual explicit breaking by just adding a185

term to the Lagrangian (15).186

In their discussion of the evolution operator H⌧ dAFF mention a critical point,187

namely that “the time evolution is quite di↵erent from a stationary one”. By this188

statement they refer to the fact that the variable ⌧ is related to the variable t by189

⌧ =
2p

4uw � v2
arctan

✓
2tw + vp
4uw � v2

◆
, (22)

i.e., ⌧ has only a finite range. Since q2(⌧) vanishes at the borders of this range (See190

(16)), the surface term in (18) vanishes also there. In our approach ⌧ = x+/P+
191

can be interpreted as the LF time di↵erence of the confined q and q̄ in the hadron,192

a quantity which is naturally of finite range and in principle could be measured in193

double-parton scattering processes. It is also interesting to notice that the conformal194

group in one dimension with generators Ht, K and D is locally isomorphic to the195

group SO(2, 1) and thus, a correspondence can be established between the SO(2, 1)196

group of conformal quantum mechanics and the AdS2 space with isometry group197

SO(2, 1) (16).198

Following the work of de Alfaro, Fubini and Furlan in Ref. (2), we have discussed199

in this letter an e↵ective theory which encodes the fundamental conformal symmetry200

of the QCD Lagrangian in the limit of massless quarks. It is an explicit model in201

which the confinement length scale appears in the light-front Hamiltonian from the202

breaking of dilatation invariance, without a↵ecting the conformal invariance of the203

action. In the context of the dual holographic model it shows that the form of the204

dilaton profile is unique, which leads by the mapping to the light-front Hamiltonian205

9

dAFF: New Time Variable

• Identify with difference of LF time Δx+/P+ 

between constituents 

• Finite range  

• Measure in Double-Parton Processes

Retains conformal invariance of action 
despite mass scale! 
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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 + 22(L + S � 1)

Dynamics + Spectroscopy! 
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Light-Front Holography:  First Approximation to QCD
• Color Confinement, Analytic form of confinement potential 

• Retains underlying conformal properties of QCD despite mass scale  (DeAlfaro-Fubini-Furlan 
Principle) 

• Massless quark-antiquark pion bound state in chiral limit, GMOR 

• QCD coupling at all scales 

• Connection of perturbative and nonperturbative mass scales 

• Poincarè Invariant 

• Hadron Spectroscopy-Regge Trajectories with universal slopes in n, L 

• Supersymmetric 4-Plet:  Meson-Baryon -Tetraquark Symmetry 

• Light-Front Wavefunctions 

• Form Factors, Structure Functions, Hadronic Observables 

• OPE: Constituent Counting Rules 

• Hadronization at the Amplitude Level:  Many Phenomenological Tests 

• Systematically improvable:  Basis LF Quantization (BLFQ)



{Q,S+} = f �B + 2iD, {Q+, S} = f �B � 2iD

B =
1
2
[ +, ] =

1
2
�3{ , +} = 1

 =
1
2
(�1 � i�2),  + =

1
2
(�1 + i�2)

{Q,Q
+} = 2H, {S, S

+} = 2K

generates conformal algebra

[H,D]= i H, [H, K] =2 i D, [K, D] = - i K

Q =  +[�@x +
f

x
], Q+ =  [@x +

f

x
], S =  +x, S+ =  x

Haag, Lopuszanski, Sohnius (1974)

Superconformal Quantum Mechanics 

Q '
p

H, S '
p

K



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

Superconformal Quantum Mechanics 

Retains Conformal Invariance of Action

G11 =
�
� @2

x + w2x2 + 2wf � w +
4(f + 1

2 )2 � 1
4x2

�

New Extended Hamiltonian  G is diagonal:

G = {Rw, R
+
w} = 2H + 2w2

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) = 42(n + LB + 1)

Baryon Equation

Identify f � 1
2 = LB , w = 2

Q '
p

H, S '
p

K

� = 2



�
� @2

⇣ + 4⇣2 + 22(LB + 1) +
4L2

B � 1
4⇣2

�
 +

J = M2 +
J

Baryon Equation

Meson Equation

M2(n,LB) = 42(n + LB + 1)

�
� @2

⇣ + 4⇣2 + 22LB +
4(LB + 1)2 � 1

4⇣2

�
 �J = M2 �J

�
� @2

⇣ + 4⇣2 + 22(J � 1) +
4L2

M � 1
4⇣2

�
�J = M2�J

M2(n,LM ) = 42(n + LM )

Meson-Baryon Degeneracy for LM=LB+1

S=1/2, P=+

LF Holography

S=0, I=1 Meson is superpartner of S=1/2, I=1 Baryon

Superconformal  
Quantum Mechanics 

Same   !
S=0, P=+

� = 2

de Téramond, Dosch, Lorcé, sjb



Fermionic Modes and Baryon Spectrum
[Hard wall model: GdT and S. J. Brodsky, PRL 94, 201601 (2005)]

[Soft wall model: GdT and S. J. Brodsky, (2005), arXiv:1001.5193]

From Nick Evans

• Nucleon LF modes

⇤+(�)n,L = ⇥2+L

⌅
2n!

(n + L)!
�3/2+Le�⇥2�2/2LL+1

n

�
⇥2�2

⇥

⇤�(�)n,L = ⇥3+L 1⇤
n + L + 2

⌅
2n!

(n + L)!
�5/2+Le�⇥2�2/2LL+2

n

�
⇥2�2

⇥

• Normalization ⇤
d� ⇤2

+(�) =
⇤

d� ⇤2
�(�) = 1

• Eigenvalues

M2
n,L,S=1/2 = 4⇥2 (n + L + 1)

• “Chiral partners”
MN(1535)

MN(940)
=
⇤

2

LC 2011 2011, Dallas, May 23, 2011 Page 13

Quark Chiral 
Symmetry of 
Eigenstate!

Nucleon spin carried by quark orbital angular momentum 

Nucleon: Equal Probability for L=0,1

Jz = + 1/2 :
1

2
[ |Sz

q = + 1/2, Lz = 0 > + |Sz
q = − 1/2, Lz = + 1 > ]

R1
0 d⇣

R 1
0 dx 2

+(⇣
2, x) =

R1
0 d⇣

R 1
0 dx 2

�(⇣
2, x) = 1

2

Baryon LFWFsLF Holography
Superconformal  

Quantum Mechanics 
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Figure 2: Orbital and radial baryon excitation spectrum. Positive-parity spin-12 nucleons (a) and

spectrum gap between the negative-parity spin-32 and the positive-parity spin-12 nucleons families

(b). Minus parity N (c) and plus and minus parity ∆ families (d), for
√
λ = 0.49 GeV (nucleons)

and 0.51 GeV (Deltas).

cluster. The predictions for the daughter trajectories for n = 1, n = 2, · · · are also shown in

this figure. Only confirmed PDG [23] states are shown. The Roper state N(1440) and the

N(1710) are well accounted for as the first and second radial excited states of the proton.

The newly identified state, the N(1900) [23] is depicted here as the first radial excitation of

the N(1720). The model is successful in explaining the parity degeneracy observed in the

light baryon spectrum, such as the L = 2, N(1680)−N(1720) pair in Fig. 2 (a). In Fig. 2

(b) we compare the positive parity spin-12 parent nucleon trajectory with the negative parity

7

42S=1/2, P=+ S=1/2, P=+

S=3/2, P=-

S=1/2, P=- S=1/2, 3/2
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Same slope
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nucleon

=
n + LM
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Superconformal Quantum Mechanics 
Light-Front Holography

Universal slopes in n, L

de Téramond, Dosch, Lorcé, sjb
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⇢�� superpartner trajectories

Dosch, de Teramond, sjb L (Orbital Angular Momentum)

MESONS
[qq̄]

BARYONS
[qqq]

bosons fermions





Fit to the slope of Regge trajectories, 
including radial excitations

Same Regge Slope for Meson, Baryons:  
Supersymmetric feature of hadron physics

mu = md = 46 MeV, ms = 357 MeV

From ↵g1(Q2)
Deur

� = 2

κ = λ = 0.523 ± 0.024

Universal Mass Scale

de Téramond, Dosch, Lorcé, sjb



Superconformal Algebra
2X2 Hadronic Multiplets

&%
'$ue &%

'$e ee
�M , LB + 1  B+, LB

-R
†
�

&%
'$e ee
 B�, LB + 1

&%
'$e eu u
�T , LB

-R
†
�

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.
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Meson Baryon

TetraquarkBaryon

Bosons, Fermions with Equal Mass!

Proton: |u[ud]> Quark + Scalar Diquark
Equal Weight: L=0, L=1

R†
� q ! [q̄q̄]

3C ! 3C

R†
� q̄ ! [qq]

3̄C ! 3̄C



]

uu

ū

uu

uu
L = 0

L = 1

R†
� q ! [q̄q̄]

3C ! 3C

R†
� q̄ ! (qq)
3̄C ! 3̄C

( )

( ) ( )
[
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• Universal quark light-front kinetic energy 

• Universal quark light-front potential energy 

• Universal Constant Contribution from AdS 
and Superconformal Quantum Mechanics

�M2
LFKE = 2(1 + 2n + L)

�M2
LFPE = 2(1 + 2n + L)

Equal: 
Virial 

Theorem 

hyperfine spin-spin

�M2
spin = 22(L + 2S + B � 1)

M2
H

2
= (1 + 2n + L) + (1 + 2n + L) + (2L + 4S + 2B � 2)

Universal Hadronic Decomposition



Using SU(6) flavor symmetry and normalization to static quantities
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From overlap of L = 1 and L = 0 LFWFs



we find qτðxÞ ∼ ð1 − xÞ2τ−3, which is precisely the Drell-
Yan inclusive counting rule at x → 1 [63–65], correspond-
ing to the form factor behavior at large Q2 (3).
From Eq. (10), it follows that the conditions (13) are

equivalent to f0ð1Þ ¼ 0 and f00ð1Þ ≠ 0. Since logðxÞ∼
1 − x for x ∼ 1, a simple ansatz for fðxÞ consistent with
(7), (11), and (13) is

fðxÞ ¼ 1

4λ

!
ð1 − xÞ log

"
1

x

#
þ að1 − xÞ2

$
; ð14Þ

with a being a flavor-independent parameter. From (10),

wðxÞ ¼ x1−xe−að1−xÞ
2
; ð15Þ

an expression that incorporates Regge behavior at small x
and inclusive counting rules at large x.
Nucleon GPDs.—The nucleon GPDs are extracted from

nucleon FF data [66–70] choosing specific x and t depend-
ences of the GPDs for each flavor. One then finds the best
fit reproducing the measured FFs and the valence PDFs. In
our analysis of nucleon FFs [56], three free parameters are
required: these are r, interpreted as an SU(6) breaking
effect for the Dirac neutron FF, and γp and γn, which
account for the probabilities of higher Fock components
(meson cloud) and are significant only for the Pauli FFs.
The hadronic scale λ is fixed by the ρ-Regge trajectory [28],
whereas the Pauli FFs are normalized to the experimental
values of the anomalous magnetic moments.
Helicity nonflip distributions: Using the results from [56]

for the Dirac flavor FFs, we write the spin nonflip valence
GPDs Hqðx; tÞ ¼ qðxÞ exp ½tfðxÞ&with

uvðxÞ ¼
"
2 −

r
3

#
qτ¼3ðxÞ þ

r
3
qτ¼4ðxÞ; ð16Þ

dvðxÞ ¼
"
1 −

2r
3

#
qτ¼3ðxÞ þ

2r
3
qτ¼4ðxÞ; ð17Þ

for the u and d PDFs normalized to the valence content of
the proton:

R
1
0 dxuvðxÞ ¼ 2 and

R
1
0 dxdvðxÞ ¼ 1. The PDF

qτðxÞ and the profile function fðxÞ are given by (9) and
(10), and wðxÞ is given by (15). Positivity of the PDFs
implies that r ≤ 3=2, which is smaller than the value r ¼
2.08 found in [56]. We shall use the maximum value
r ¼ 3=2, which does not change significantly our results
in [56].
The PDFs (16) and (17) are evolved to a higher

scale μ with the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) equation [71–73] in the M̄S scheme using
the HOPPET toolkit [74]. The initial scale is chosen at the
matching scale between LFHQCD and perturbative QCD
(pQCD) as μ0 ¼ 1.06'0.15 GeV [75] in the M̄S scheme at
next-to-next-to-leading order (NNLO). The strong cou-
pling constant αs at the scale of the Z-boson mass is set to

0.1182 [76], and the heavy quark thresholds are set with
M̄S quark masses as mc¼ 1.28 GeV and mb¼ 4.18 GeV
[76]. The PDFs are evolved to μ2 ¼ 10 GeV2 at NNLO to
compare with the global fits by the MMHT [5], CT [6], and
NNPDF [77] collaborations as shown in Fig. 1. The value
a¼ 0.531' 0.037 is determined from the first moment of
the GPD,

R
1
0 dxxH

q
vðx; t ¼ 0Þ ¼ Aq

vð0Þ from the global data
fits with average values Au

vð0Þ ¼ 0.261' 0.005 and
Ad
vð0Þ ¼ 0.109' 0.005. The model uncertainty (red band)

includes the uncertainties in a and μ0 [78]. We also indicate
the difference between our results and global fits in Fig. 2.
The t dependence of Hq

vðx; tÞ is illustrated in Fig. 3.
Since our PDFs scale as qðxÞ ∼ x−1=2 for small x, the
Kuti-Weisskopf behavior for the nonsinglet structure
functions F2pðxÞ − F2nðxÞ ∼ x½uvðxÞ − dvðxÞ&∼ x1=2 is
satisfied [79,80].
Helicity-flip distributions: The spin-flip GPDsEq

vðx; tÞ ¼
eqvðxÞ exp ½tfðxÞ&follow from the flavor Pauli FFs in [56]
given in terms of twist-4 and twist-6 contributions

eqvðxÞ ¼ χq½ð1 − γqÞqτ¼4ðxÞ þ γqqτ¼6ðxÞ&; ð18Þ

normalized to the flavor anomalous magnetic momentR
1
0 dxeqvðxÞ ¼ χq, with χu ¼ 2χp þ χn¼ 1.673 and
χd ¼ 2χnþ χp ¼ −2.033. The factors γu and γd are

FIG. 1. Comparison for xqðxÞ in the proton from LFHQCD (red
bands) and global fits: MMHT2014 (blue bands) [5], CT14 [6]
(cyan bands), and NNPDF3.0 (gray bands) [77]. LFHQCD
results are evolved from the initial scale μ0 ¼ 1.06'0.15 GeV.

FIG. 2. Difference between our PDF results and global fits.

PHYSICAL REVIEW LETTERS 120, 182001 (2018)

182001-3

Universality of Generalized Parton Distributions in Light-Front Holographic QCD 

Guy F. de Te ́ramond, Tianbo Liu, Raza Sabbir Sufian, Hans Günter Dosch, Stanley J. Brodsky, and Alexandre Deur 

PHYSICAL REVIEW LETTERS 120, 182001 (2018) 



Supersymmetry across the light and heavy-light spectrum
de Téramond, Dosch, Lorcé, sjb



Supersymmetry across the light and heavy-light spectrum

Heavy charm quark mass does not break supersymmetry

de Téramond, Dosch, Lorcé, sjb



a


a

Superpartners for states with one c quark

predictions             beautiful agreement!M. Nielsen, sjb  58



Supersymmetry across the light and heavy-light spectrum

Heavy bottom quark mass does not break supersymmetry

de Téramond, Dosch, Lorcé, sjb



Structure of Hadron Bound-State Equations in LFHQCD

4 Heavy-light and heavy-heavy hadronic sectors

• Extension to the heavy-light hadronic sector

[H. G. Dosch, GdT, S. J. Brodsky, PRD 92, 074010 (2015), PRD 95, 034016 (2017)]

• Extension to the double-heavy hadronic sector

[M. Nielsen and S. J. Brodsky, PRD, 114001 (2018)]

[M. Nielsen, S. J. Brodsky, GdT, H. G. Dosch, F. S. Navarra, L. Zou, PRD 98, 034002 (2018)]

• Extension to the isoscalar hadronic sector

[L. Zou, H. G. Dosch, GdT,S. J. Brodsky, arXiv:1901.11205 [hep-ph]]

Bound States in QCD, St Goar, 9 April 2019

Page 12
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Supersymmetry in QCD

• A hidden symmetry of Color SU(3)C in hadron 
physics

• QCD: No squarks or gluinos!

• Emerges from Light-Front Holography and 
Super-Conformal Algebra

• Color Confinement

• Massless Pion in Chiral Limit

de Téramond, Dosch, Lorcé, sjb



Superconformal Algebra
2X2 Hadronic Multiplets
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†
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�T , LB
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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

TetraquarkBaryon

Bosons, Fermions with Equal Mass!

Proton: |u[ud]> Quark + Scalar Diquark
Equal Weight: L=0, L=1

R†
� q ! [q̄q̄]

3C ! 3C

R†
� q̄ ! [qq]

3̄C ! 3̄C



e+

e�
��

��

T+

�(e+e� ! MT ) / 1
sN�1

Use counting rules to identify composite structure

N = 6

Lebed, sjb
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Underlying Principles

• Polncarè Invariance: Independent of the observer’s Lorentz 
frame:  Quantization at Fixed Light-Front Time τ 

• Causality: Information within causal horizon:  Light-Front 

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

• Introduce mass scale κ while retaining the Conformal 
Invariance of the Action (dAFF) 

• Unique Dilaton in AdS5:   

• Unique color-confining LF Potential 

• Superconformal Algebra:  Mass Degenerate 4-Plet:

U(⇣2) = 4⇣2

e+2z2

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

z $ ⇣ where ⇣2 = b2?x(1� x)
Exploring QCD, Cambridge, August 20-24, 2007 Page 9

“Emergent Mass”

https://indico.cern.ch/event/628450/
https://indico.cern.ch/event/628450/


5 Non-Perturbative QCD Coupling From LF Holography
With A. Deur and S. J. Brodsky

• Consider five-dim gauge fields propagating in AdS5 space in dilaton background ⇧(z) = ⇤2z2

S = �1
4

�
d4x dz

⇧
g e⇥(z) 1

g2
5

G2

• Flow equation
1

g2
5(z)

= e⇥(z) 1
g2
5(0)

or g2
5(z) = e��2z2

g2
5(0)

where the coupling g5(z) incorporates the non-conformal dynamics of confinement

• YM coupling �s(⇥) = g2
Y M (⇥)/4⌅ is the five dim coupling up to a factor: g5(z)⌅ gY M (⇥)

• Coupling measured at momentum scale Q

�AdS
s (Q) ⇤

� ⇥

0
⇥d⇥J0(⇥Q)�AdS

s (⇥)

• Solution

�AdS
s (Q2) = �AdS

s (0) e�Q2/4�2
.

where the coupling �AdS
s incorporates the non-conformal dynamics of confinement

Hadron 2009, FSU, Tallahassee, December 1, 2009 Page 27

Running Coupling from  Modified AdS/QCD
Deur,  de Teramond, sjb

e�(z) = e+2z2



•Can be used as standard QCD coupling

•Well measured

•Asymptotic freedom at large Q2

•Computable at large Q2 in any pQCD 
scheme

•Universal  β0,  β1

Bjorken sum rule defines effective charge ↵g1(Q2)
Z 1

0
dx[gep

1 (x,Q2)� gen
1 (x,Q2)] ⌘ ga

6
[1� ↵g1(Q2)

⇡
]



�AdS
s (Q)/⇥ = e�Q2/4�2

�s(Q)
⇥

Deur,  de Teramond, sjb

 = 0.54 GeV

Analytic, defined at all scales, IR Fixed Point
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Perturbative QCD

Holographic QCD

(asymptotic freedom)
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Deur, de Tèramond, sjbm⇢ =
p

2
mp = 2

� ⌘ 2

 = 0.513± 0.007 GeV
Fit to Bj + DHG Sum Rules:

Q0 = 0.87± 0.08 GeV

MS schemeReverse Dimensional Transmutation!

Use Q0 for starting 
DGLAP  and ERBL 

Evolution

Experiment:
⇤MS = 0.332± 0.017 GeV

5-Loop � Prediction:
⇤MS = 0.339± 0.019 GeV
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What is PMC ? 

Basic procedures of PMC 

order-by-order RG-scheme - two 

PMC-BLM - one 

Eliminate E-terms 

Key point: E-terms determine the running 
behavior of the strong coupling constant 

 nf dependence of pQCD series does not 
uniquely identify the β terms

Xing-Gang Wu, Matin Mojaza 
Leonardo  di Giustino, SJB

Principle of Maximum Conformality
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Thrust Distribution in Electron-Positron Annihilation using the Principle of
Maximum Conformality

Sheng-Quan Wang1,2,∗ Stanley J. Brodsky2,† Xing-Gang Wu3,‡ and Leonardo Di Giustino2,4§
1Department of Physics, Guizhou Minzu University, Guiyang 550025, P.R. China

2SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA
3Department of Physics, Chongqing University, Chongqing 401331, P.R. China and

4Department of Science and High Technology, University of Insubria, via valleggio 11, I-22100, Como, Italy
(Dated: February 6, 2019)

We present a comprehensive and self-consistent analysis for the thrust distribution by using the
Principle of Maximum Conformality (PMC). By absorbing all nonconformal terms into the running
coupling using PMC via renormalization group equation, the scale in the running coupling shows
the correct physical behavior and the correct number of active flavors is determined. The resulting
PMC predictions agree with the precise measurements for both the thrust differential distributions
and the thrust mean values. Moreover, we provide a new remarkable way to determine the running
of the coupling constant αs(Q

2) from the measurement of the jet distributions in electron-positron
annihilation at a single given value of the center-of-mass energy

√
s.

PACS numbers: 12.38.Bx, 13.66.Bc, 13.66.Jn, 13.87.-a

The event shape observables in electron-positron an-
nihilation play a crucial role in understanding Quantum
Chromodynamics (QCD). In the last three decades, the
event shape observables have been extensively studied ex-
perimentally and theoretically. In particular, the three-
jet production at the lowest order is directly proportional
to the QCD strong coupling constant, and thus the rele-
vant event shape observables have been used to determine
the coupling constant (see e.g. [1] for a review).

Due to the simple initial leptonic state, the three-jet
event shape observables can be measured with a high pre-
cision, especially at LEP [2–5]. The precision of experi-
mental measurements calls for an equally precise theoret-
ical prediction for three-jet event shapes. The next-to-
leading order (NLO) QCD calculations are known since
1980 [6–11], and the next-to-next-to-leading order (NN-
LO) calculations have been carried out in Refs.[12–16].
Despite the significant progress made in the last years
for both the pQCD calculations [17, 18] and the resum-
mation of large logarithms (see e.g. [19, 20]), the main
obstruction to achieve an accurate value of αs is not the
lack of precise experimental data but the dominant un-
certainties of the theoretical calculations, mainly due to
the choice of the renormalization scale µr.

It is well known that using the conventional scale set-
ting, the renormalization scale is simply set at the center-
of-mass energy µr =

√
s, and the uncertainties are evalu-

ated by varying the scale within an arbitrary range, e.g.
µr ∈ [

√
s/2, 2

√
s]. The three-jet event shape distribu-

tions using the conventional scale setting do not match
the experimental data, and the extracted values of αs in
general deviate from the world average [21].

The conventional procedure of setting the renormal-
ization scale introduces an inherent scheme-and-scale de-
pendence for the pQCD predictions. The scheme de-
pendence of the pQCD violates the fundamental prin-

ciple of the renormalization group invariance. The con-
ventional procedure gives wrong predictions for the A-
belian theory–Quantum Electrodynamics (QED), where
the scale of the coupling constant α can be set unam-
biguously by using the Gell-Mann-Low procedure [22].
The resulting perturbative series is in general factorially
divergent at large orders like n!βn

0 α
n
s –the “renormalon”

problem [23]. It has always been discussed whether the
inclusion of higher-order terms would suppress the scale
uncertainty; however, by simply varying the scale within
a given range of values fixed a priori, the estimation of
unknown higher-order terms is unreliable, and one can-
not judge whether the poor pQCD convergence is the
intrinsic property of pQCD series, or is due to improper
choice of scale.

The Principle of Maximum Conformality (PMC) [24–
28] provides a systematic way to eliminate renormaliza-
tion scheme-and-scale ambiguities. Since the PMC pre-
dictions do not depend on the choice of the renormal-
ization scheme, PMC scale setting satisfies the principles
of renormalization group invariance [29, 30]. The PMC
procedure reduces in the Abelian limit, NC → 0 [31], to
the standard Gell-Mann-Low method. The PMC deter-
mines the renormalization scale by absorbing the β terms
that govern the behavior of the running coupling via the
renormalization group equation. The divergent renor-
malon terms disappear and the convergence of pQCD
series can be thus greatly improved.

The thrust (T ) variable [32, 33] is one of the most fre-
quently studied three-jet event shape observables, which
is defined as

T =

max
n⃗

∑
i
|p⃗i · n⃗|

∑
i
|p⃗i|

, (1)

where the sum runs over all particles in the hadronic
final state, and the p⃗i denotes the three-momentum of

Renormalization scale depends on the thrust
Not constant !

e+e− → Z → qq̄g + ⋯

S.-Q. Wang, L. Di Giustino,   
X.-G. Wu, sjb

T. Gehrmann, N. H äfliger,       
P. F. Monni
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FIG. 2. The thrust differential distributions using the con-
ventional (Conv.) and PMC scale settings. The dotdashed,
dashed and dotted lines are the conventional results at LO,
NLO and NNLO, respectively. The solid line is the PMC re-
sult. The bands for the theoretical predictions are obtained
by varying µr ∈ [MZ/2, 2MZ ]. The PMC prediction elim-
inates the scale µr uncertainty. The experimental data are
taken from the ALEPH [2], DELPH [3], OPAL [4], L3 [5] and
SLD [31] experiments.

• By fitting the conventional predictions to the ex-
perimental data, the extracted coupling constants
are deviated from the world average, and are also
plagued by significant µr uncertainty [32].

Due to the kinematical constraints, the domain of the
thrust distribution at LO and of the PMC scale is re-
stricted to the range of 0 ≤ (1 − T ) ≤ 1/3. After ap-
plying the PMC, in addition to the small values and the
monotonically increasing behavior of the PMC scale, the
magnitude of the conformal coefficients are small and its
behavior is very different from that of the conventional
scale setting. The resulting PMC predictions are in a-
greement with the experimental data with high precision
over the (1 − T ) region, while they show a slight de-
viation near the two-jet and multi-jet regions. Based on
the conventional scale setting, Ref.[8] has also found that
outside of the region of 0.04 ≤ (1−T ) ≤ 0.33, the pQCD
predictions are unreliable. Thus, in order to improve the
predictions near the two-jet and multi-jet regions, the
higher pQCD calculations may be needed for the PM-
C analysis. In addition, as we have already mentioned
above, the non-perturbative effects should be taken into
account in the two-jet region.
In addition to the differential distribution, the mean

value of event shapes have also been extensively mea-
sured and studied. Since the calculation of the mean
value involves an integration over the full phase space, it
provides an important platform to complement the differ-
ential distribution that afflict the event shapes especially
in the two-jet region and to determinate the coupling
constant.
The mean value ⟨τ⟩ (τ = (1− T )) of thrust variable is

defined by

⟨τ⟩ =
∫ τ0

0

τ

σh

dσ

dτ
dτ, (8)

where τ0 is the kinematical upper limit for the thrust
variable.

The electron-positron colliders have collected large
numbers of experimental data for the thrust mean value
over a wide range of center-of-mass energy (14 GeV ≤

√
s

≤ 206 GeV) [2–5, 33]. However, the pQCD prediction-
s based on the conventional scale setting substantially
deviate from the experimental data. Currently, the most
common way is to split the mean value into the perturba-
tive and non-perturbative contributions, which has been
studied extensively in the literature. However, some ar-
tificial parameters and theoretical models are introduced
in order to match the theoretical predictions with the ex-
perimental data. It is noted that the analysis of Ref.[2]
obtains a large value of αs and suggests that a better de-
scription for the mean value can be in general obtained
by setting the renormalization scale µr ≪

√
s.

The pQCD calculations for the mean value variables
have been given in Refs. [34, 35]. After applying the
PMC scale setting to the thrust mean value ⟨1− T ⟩, we
obtain the optimal PMC scale,

µpmc
r |⟨1−T ⟩ = 0.0695

√
s, (9)

which monotonously increases with
√
s, and is 0.0695

times the conventional choice µr =
√
s and thus

µpmc
r |⟨1−T ⟩ ≪

√
s. We notice that by taking

√
s =

MZ = 91.1876 GeV, the PMC scale µpmc
r |⟨1−T ⟩ = 6.3

GeV. This is reasonable, since we have shown in Fig.(1)
that the PMC scales of thrust differential distribution are
also very small in wide region of (1 − T ). By excluding
some results in multi-jet regions, the average of the PM-
C scale ⟨µpmc

r ⟩ of thrust differential distribution is also
close to the µpmc

r |⟨1−T ⟩. This shows that the PMC scale
setting is self-consistent.

We present the thrust mean value ⟨1 − T ⟩ versus the
center-of-mass energy

√
s using the conventional and

PMC scale settings in Fig.(3). In the case of the con-
ventional scale setting, the perturbative series shows a
slow convergence and the estimation of the magnitude
of unknown higher-order QCD corrections by varying
µr ∈ [

√
s/2, 2

√
s] is unreliable. The predictions are

plagued by scale µr uncertainty, and substantial devi-
ated from the experimental data even up to NNLO [34].
These cases are similar to those of the thrust differential
distributions based on the conventional scale setting.

Since the optimal PMC scales are small, and the mag-
nitude of conformal coefficients are very different from
those of the conventional scale setting, the resulting pre-
dictions for thrust mean value increase especially in the
small center-of-mass energy region. Fig.(3) shows that
the scale-independent PMC prediction is in excellent a-
greement with the experimental data in the wide center-

S.-Q. Wang, L. Di Giustino, X.-G. Wu, sjb

T. Gehrmann, N. H äfliger, P. F. Monni

Conventional scale

PMC scale

Principle of Maximum Conformality (PMC)
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14] provides a systematic way to eliminate the renormal-
ization scheme-and-scale ambiguities. The PMC scales
are fixed by absorbing the � terms that govern the be-
havior of the running coupling via the Renormalization
Group Equation (RGE). Since the PMC predictions do
not depend on the choice of the renormalization scheme,
PMC scale setting satisfies the principles of RGI [15–17].
Since � terms do not appear in the pQCD series after
the PMC, there is no renormalon divergence. The PMC
method extends the Brodsky-Lepage-Mackenzie (BLM)
scale-setting method [18] to all orders and reduces in the
Abelian limit to the Gell-Mann-Low method [8].

In this paper, we will apply the PMC to make compre-
hensive analyses for two classic event shapes: the thrust
(T ) [19, 20] and the C-parameter (C) [21, 22]. The PMC
renormalization scale depends dynamically on the virtu-
ality of the underlying quark and gluon subprocess and
thus the specific kinematics of each event. We then can
determine ↵s(Q2) over a large range of Q2 by comparing
the PMC predictions with the experimental data.

The thrust and C-parameter are defined as

T = max
~n

✓P
i |~pi · ~n|P
i |~pi|

◆
, (1)

C =
3

2

P
i,j |~pi||~pj | sin

2 ✓ij

(
P

i |~pi|)
2

, (2)

where ~pi denotes the three-momentum of particle i. For
the thrust, the unit vector ~n is varied to define the thrust
direction ~nT by maximizing the sum on the right-hand
side. For the C-parameter, ✓ij is the angle between ~pi
and ~pj . The range of values is 1/2  T  1 for the
thrust, and for the C-parameter it is 0  C  1.

For our numerical computations, we use the EVENT2
program [23] to precisely calculate the perturbative co-
e�cients at the next-to-leading order (NLO). The per-
turbative coe�cients at the next-to-next-to-leading or-
der (NNLO) can be calculated using the EERAD3 pro-
gram [24], and are checked using the results of Ref.[25].
We use the RunDec program [26] to evaluate the MS
scheme running coupling from ↵s(MZ) = 0.1181 [1].

A detailed PMC analysis for the thrust T has been
given in Ref.[27]. We calculate the C-parameter follow-
ing a similar procedure and present di↵erential distribu-
tions of the C-parameter at

p
s = MZ in Fig.(1). In the

case of conventional scale setting, Fig.(1) shows that the
conventional predictions – even up to NNLO QCD cor-
rections – substantially deviate from the precise experi-
mental data. The conventional predictions are plagued
by the scale uncertainty. Since the variation of the scale
is only sensitive to the � terms, the estimate of unknown
higher-order terms by varying µr 2 [

p
s/2, 2

p
s] is unreli-

able: the NLO calculation does not overlap with the LO
prediction, and the NNLO calculation does not overlap
with NLO prediction. In addition, the perturbative series
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FIG. 1. The C-parameter di↵erential distributions using con-
ventional (Conv.) and PMC scale settings at

p
s = MZ .

The dot-dashed, dashed and dotted lines are the conventional
scale-fixed results at LO, NLO and NNLO [24, 25], respec-
tively, and the corresponding error bands are obtained by
varying µr 2 [MZ/2, 2MZ ]. The solid line is the PMC result,
and its error band is the squared averages of the errors for
↵s(MZ) = 0.1181 ± 0.0011 [1] and the estimated unknown
higher-order contributions ±0.2 Cn. The data is taken from
the ALEPH [28] experiment.

for the C-parameter distribution shows slow convergence
because of the renormalon divergence.
In contrast, Fig.(1) shows that PMC prediction for the

C-parameter distribution is in excellent agreement with
the experimental data. There is some deviation near
the two-jet and multi-jet regions which is expected since
pQCD becomes unreliable due to the presence of large
logarithms in those kinematic regions. The resummation
of large logarithms is thus required, a topic which has
been extensively studied in the literature.
It should be emphasized that PMC eliminates the scale

µr uncertainty; the estimate of unknown higher-order
terms obtained by varying µr 2 [

p
s/2, 2

p
s] is not appli-

cable to PMC predictions. An estimate of the unknown
higher-order contributions can be characterized by the
convergence of the perturbative series and the magnitude
of the last-known higher-order term. We note that the
relative magnitude of the corrections for the C-parameter
distribution is CLO : CNLO : CNNLO ⇠ 1 : 0.5 : 0.2 [29] in
the intermediate region using conventional scale setting.
After using the PMC, the relative magnitude at NLO is
improved to be CLO : CNLO ⇠ 1 : 0.2. The error estimate
of an nth-order calculation can be characterized by the
last known term; i.e., ±Cn, where n stands for LO, NLO,
NNLO, · · ·. After applying the PMC, the unknown Cn+1

term can be estimated using ±0.2Cn if one assumes that
the relative magnitude of the unknown (n + 1)th-order
term is the same as that of the known nth-order term;
i.e., Cn+1/Cn = Cn/Cn�1. The resulting PMC error bar
for the C-parameter distribution is presented in Fig.(1).
This estimate of the unknown higher-order terms is nat-
ural for a convergent perturbative series.
Unlike conventional scale-setting, where the scale is

PMC scale

Conventional scale

Principle of Maximum Conformality (PMC)
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the thrust and C-parameter are close to the PMC scales
µpmc
r |h1�T i and µpmc

r |hCi, respectively. This shows that
PMC scale setting is self-consistent from the di↵erential
distributions to the mean values.
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FIG. 4. The mean values for the thrust (up) and C-parameter
(down) versus the center-of-mass energy

p
s using conven-

tional (Conv.) and PMC scale settings. The dot-dashed,
dashed and dotted lines are the conventional results at LO,
NLO and NNLO [34, 35], respectively, and the correspond-
ing error bands are obtained by varying µr 2 [MZ/2, 2MZ ].
The solid line is the PMC result and its error band is ob-
tained by the squared averages of the errors for ↵s(MZ) =
0.1181 ± 0.0011 [1] and the estimated unknown higher-order
contributions ±0.2 Cn. The data are from the JADE and
OPAL experiments, taken from [36, 37].

We present the mean values for the thrust and C-
parameter versus the center-of-mass energy

p
s in Fig.(4).

It shows that in the case of conventional scale setting,
the predictions are plagued by the renormalization scale
µr uncertainty, and substantially deviate from measure-
ments even up to NNLO. In contrast, after using PMC
scale setting, the mean values for the thrust and C-
parameter are increased especially in the small

p
s region.

The scale-independent PMC predictions are in excellent
agreement with experimental data in the wide center-of-
mass energy

p
s range. Thus, PMC scale setting provides

a rigorous explanation for precise measurements without
introducing any artificial parameters.

Since a high degree of consistency between the PMC
predictions and the measurements is obtained, we can
precisely extract ↵s(Q2); the results in the MS scheme are
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FIG. 5. The running coupling ↵s(Q
2) extracted from the

thrust and C-parameter mean values by comparing PMC pre-
dictions with the JADE and OPAL data [36, 37] in the MS
scheme. The error bars are the squared averages of the exper-
imental and theoretical errors. The three lines are the world
average evaluated from ↵s(M

2
Z) = 0.1181± 0.0011 [1].

presented in Fig.(5). The values obtained for ↵s(Q2) are
mutually compatible and are in excellent agreement with
the world average in the range 1 GeV < Q < 15 GeV.
The results are not plagued by the renormalization scale
µr uncertainty. In addition, unlike the ↵s extracted from
the di↵erential distributions, the ↵s extracted from the
mean values are not a✏icted with the large logarithms
as well as the non-perturbative e↵ects.
In order to obtain a reliable ↵s at the scale of the

Z0 mass, we determine ↵s(M2

Z) from the fit of the
PMC predictions to the measurements. We adopt the
method similar to [38] and the �2-fit is defined by �2 =P

i

�
(hyiexp.i � hyithe.i )/�i

�2
, where hyiexp.i is the value of

the experimental data, �i is the corresponding experi-
mental uncertainty, hyithe.i is the theoretical prediction.
The �2 value is minimized with respect to ↵s(M2

Z) for
the thrust and C-parameter separately. We obtain

↵s(M
2

Z) = 0.1185± 0.0011(Exp.)± 0.0005(Theo.)

= 0.1185± 0.0012, (4)

with �2/d.o.f.= 27.3/20 for the thrust mean value, and

↵s(M
2

Z) = 0.1193+0.0009
�0.0010(Exp.)

+0.0019
�0.0016(Theo.)

= 0.1193+0.0021
�0.0019, (5)

with �2/d.o.f.= 43.9/20 for the C-parameter mean value,
where the first (Exp.) and second (Theo.) errors are
the experimental and theoretical uncertainties, respec-
tively. Both values are consistent with the world average
of ↵s(M2

Z) = 0.1181 ± 0.0011 [1]. Since the dominant
scale µr uncertainty is eliminated and the convergence of
pQCD series is greatly improved after using the PMC, the
precision of the extracted ↵s values is greatly improved.
In particular, since a strikingly much faster pQCD con-
vergence is obtained for the thrust mean value [27], the
theoretical uncertainty is even smaller than the experi-
mental uncertainty.

αs(Q2) in MS schemee+e− → Z0 → qq̄g + ⋯

S.-Q. Wang, L. Di Giustino, X.-G. Wu, SJB

Determine QCD running coupling from  
measurement of the thrust T and 

C-distribution at one energy!

A new way to measure   αs(Q2)



Features of BLM/PMC

• Predictions are scheme-independent at every order

• Matches conformal series

• No n! Renormalon growth of pQCD series

• New scale appears at each order; nF determined at each order - matches virtuality of 
quark loops

• Multiple Physical Scales Incorporated (Hoang, Kuhn, Tuebner, sjb)

• Rigorous: Satisfies all Renormalization Group Principles

• Realistic Estimate of Higher-Order Terms

• Reduces to standard QED scale

• GUT: Must use the same scale setting procedure for QED, QCD

• Eliminates unnecessary theory error

• Maximal sensitivity to new physics

• Commensurate Scale Relations between observables: Generalized Crewther Relation   
(Kataev, Lu, Rathsman, sjb)

• PMC Reduces to BLM at NLO:  Example: BFKL intercept (Fadin, Kim, Lipatov, Pivovarov, sjb)

NC ! 0
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q+ = 0 q2
? = Q2 = �q2

A-1

One-Step / Two-Step Interference

Front-Face Nucleon N1 not struckFront-Face Nucleon N1 struck

�⇤

Q2
�⇤

Study Double Virtual Compton Scattering �⇤A! �⇤A

Illustrates the
LF time sequence

Cannot reduce to matrix element 
of local operator!  No Sum Rules!

N1
N2 N2

N1

A

Q2

Liuti, Schmidt sjb



• Unlike shadowing, anti-shadowing from Reggeon exchange is flavor specific;
• Each quark and anti-quark will have distinctly different constructive interference patterns. 

• The flavor dependence of antishadowing explains why anti- shadowing is different for 
electron (neutral electro- magnetic current) vs. neutrino (charged weak current) DIS 
reactions.

• Test of the explanation of antishadowing: Bjorken-scaling leading-twist charge 
exchange DDIS reaction γ∗p→nX+ with a rapidity gap due to I=1 Reggeon exchange.

•

The usual “handbag” diagram where the two Jμ(x) and Jν (0) currents acting on an 
uninterrupted quark propagator are replaced by a local operator T μν (0) as Q2 → ∞, is 
inapplicable in deeply virtual Compton scattering from a nucleus since the currents act on 
different nucleons. 

The finite path length due to the on-shell propagation of V0 between N1 and N2 
contributes a finite distance (∆z)2 between the two virtual photons in the DVCS  
amplitude. 

�z2 does not vanish as 1
Q2 .

OPE and Sum Rules invalid for nuclear pdfs

S. Liuti, I. Schmidt, sjb
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important role in promoting research towards a rigorous description of hadrons and nuclei based on
quantisation methods in the front form.

As with earlier conferences in the series, the aim of this meeting will be to create a scientific program
that will stimulate developments at the forefront of nuclear, hadron and particle physics research. In
particular, Light Cone 2019 will focus on the following physics topics and approaches:

Physics Topics

Hadronic structure
Small-x physics and heavy ions
QCD at finite temperature
Few- and many-body physics
Chiral symmetry
Quarkonia

Approaches

Field theories in the front form
Lattice field theory
Effective field theories
Phenomenological models
Present and future facilities

We look forward to welcoming you at Ecole Polytechnique in September 2019 !

Organizers

m lc2019@ipno.in2p3.fr
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