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Two(parBcle(correlaBons:(CMS(results(

�Discovery� 

!  Ridge: Distinct long range correlation in η collimated around ΔΦ≈ 0 
                  for two hadrons in the intermediate 1 < pT, qT < 3 GeV   

Raju Venugopalan

Ridge in high-multiplicity p p collisions

-

Same-side long-range correlation in rapidity

pp ! X



Ridge phenomena observed in both p-p and Au-Au collisions

p+ p ! X,
p
s = 200 GeV Au+Au ! X,

p
s = 200 GeV

Collisions of Flux Tubes Can Produce Ridge Phenomena
in photon-photon (EIC) and in ultra-peripheral collisions (UPC)
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Ridge may reflect collision of aligned flux tubes

Bjorken, Goldhaber, sjb

High density QCD 
regime

Hadrons produced 
at all rapidities 
alignment in  Φ
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Collisions of Aligned Flux Tubes Can Produce Ridge 
Phenomena 



We suggest that the “ridge”correlations may be a reflection of 
the rare events generated by the collision of aligned flux tubes 
connecting the valence quarks in the wave functions of the 
colliding protons. 

The “spray” of particles resulting from the approximate line 
source produced in such inelastic collisions then gives rise to 
events with a strong correlation between particles produced 
over a large range of both positive and negative rapidity. 

Multiparticle ridge-like correlations in very 
high multiplicity proton-proton collisions

Bjorken, Goldhaber, sjb
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Collisions of  flux tubes of  protons

p

Gluonic distribution reflects quark+diquark color structure of the protons

Color confinement potential —> high density gluon field: flux tube

|p >= |u3C [ud]3̄C >

Highest  hadron multiplicity produced when the two flux tubes are aligned and 
overlap completely along their length.

v2 (dominant) + v3 (from `Y’ quark + diquark configurations)

Hadrons produced from the 
collisions of flux tubes

Bjorken, Goldhaber, sjb



p

Gluonic distribution reflects quark+diquark color structure of the proton

Color confinement potential —> high density gluon field: flux tube

|p >= |u3C [ud]3̄C >

U

d
J=0

p(Jz = +1/2)

u(Sz = +1/2) u(Sz = �1/2)

Lz = 0

AdS/QCD + Light Front Holography: Proton is bound state of a quark + scalar diquark

Equal probability L=0, L=1

de Teramond, Dosch, Lorce, sjb 

Skyrme model: Ellis, Karliner, sjb

Quark chiral symmetry
Anomalous moment nonzero
Leading Twist Sivers Effect

LF Jz conservation: K. Chiu, sjb
3C ⇥ 3C = 3̄C + 6C

Lz = +1or
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Collisions of  flux tubes of  protons

p

Gluonic distribution reflects quark+diquark color structure of the protons

Color confinement potential —> high density gluon field: flux tube

|p >= |u3C [ud]3̄C >

Highest  hadron multiplicity produced when the two flux tubes are aligned and 
overlap completely along their length.

v2 (dominant) + v3 (from `Y’ quark + diquark configurations)

Hadrons produced from the 
collisions of flux tubes

• Strangeness and charm enhancements

Bjorken, Goldhaber, sjb



Ridge creation in Ultra-Peripheral pp scattering 
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pp ! �⇤�⇤p0p0 ! Xp0p0

Planes of quark anti-quark and produced ridges aligned  
with planes of proton scattering!

Correlation of qq̄ and proton scattering planes: ⇠ cos
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Off-shell in P- and invariant mass

Hadrons produced from the  
collisions of flux tubes
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Angular correlation ΔΦ between the proton scattering plane 
and quark-antiquark production plane

(preliminary)
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Collisions of Gluonic Strings in Ultra-
Peripheral Collisions

• Virtual photon polarization correlates quark-antiquark plane with the 
proton scattering planes

• quark-antiquark plane aligned with proton scattering plane 

• maximum hadron multiplicity from flux tubes of colliding strings between 
two aligned quark-antiquark pairs

• maximum hadron multiplicity produced when both protons scatter in 
same plane!

• mininum hadron multiplicity when protons scatter at orthogonal angles 

• quark-antiquark pair distributions determined from each virtual photon 
LFWF 

• Strangeness and charm enhancements

⇠ cos

2
��

�� = ⇡/2
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Collisions of Aligned Flux Tubes 
in Photon-Photon and UPC Interactions
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UPC at LHC

UPC +   at EIC�⇤

Kinoshita, Terazawa, sjb
Budnev, Ginzburg, Meledin, Serbo
Walsh



Ridge creation in  
Ultra-Peripheral pp scattering 
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Collisions of flux tubes

Pomeron exchange, 
color-dipole interactions 

Estimate of total cross section: �UPC(pp ! p0p0�⇤�⇤ ! p0p0X) ⇠ 5 pb



QED Analog

e�e+ ! e��⇤e+�⇤ ! e�(µ+µ�)e+(µ+µ�)

Role of γ+γ→e++e−+e++e− in Photoproduction, Colliding Beams, and Cosmic Photon Absorption

R. W. Brown, W. F. Hunt, K. O. Mikaelian, and I. J. Muzinich

Phys. Rev. D 8, 3083 (1973) - Published 1 November 1973

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.8.3083


Ridge creation in  Doubly Diffractive pp scattering 
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q
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Collisions of flux tubes
p0

p

p0
p

Pomeron exchange, 
color-dipole interactions 

�⇤

Estimate double di↵ractive cross section:

�DD(pp ! p0p0X) ⇠ 1
↵4�UPC(pp ! p0p0�⇤�⇤ ! p0p0X) ⇠ 50µb

�DD(pp ! p0p0X)
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Electron-Ion Colliders: 
Virtual Photon-Ion Collider

e
e’

variable space-like photon virtuality, 
various primary flavors

proton or 
nuclei

p, A

q q plane aligned with lepton scattering plane ~ cos2φ 

Perspective from the e-p collider frame

Front-surface nuclear dynamics: shadowing/antishadowing

 �⇤(x, k?,�)

 p,A(x, k?,�)
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Characteristics of the quark-antiquark flux tube

p x

1-x

Planar structure reflects color-confinement 

p’

Connection of Gluon Density to Color Confinement

Related to Trace (Conformal) Anomaly < H|G2|H >
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Off-shell in P- = P0 +Pz and 
invariant mass

Evolution in Light-Front Time 

⌧ = x

+ = t+ z/c
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Characteristics of the quark-antiquark flux tube
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AdS/QCD + Light-Front Holography
de Teramond, Dosch, Lorce, sjb 



Ridge creation in  
Ultra-Peripheral pp scattering 
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Collisions of flux tubes

Pomeron exchange, 
color-dipole interactions 

Important Issue:  Do interactions modify the planar orientations?
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Color Confinement and Gluonic Flux Tubes

Unique 
Confinement Potential!

Connection of Gluon Density to Color Confinement

Related to Trace (Conformal) Anomaly < H|G2|H >



HQED

Coupled Fock states

Effective two-particle equation
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potential!  
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Sums an infinite # diagrams
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and retarded interactions
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Light-Front Holography  

AdS/QCD 
Soft-Wall  Model 
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⇤
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Preserves 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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Unique 
Confinement Potential!

de Tèramond, Dosch, sjb

1/ ' 1/3 fm

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

e'(z) = e+2z2

 ' 0.5 GeV
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•Soft-wall dilaton profile breaks 
conformal invariance
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Prediction from AdS/QCD: Meson LFWF
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C. D. Roberts et al.
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Cao, de Teramond, sjb
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EPJ Web of Conferences

Fig. 5. Results for the e+e− → (e)eπ0 differential
cross section. “Combined” corresponds to twice the
weighted average of the p-tag and e-tag results. Error
bars show statistical uncertainties only.

Fig. 6. Comparison of the results for the product
Q2|F(Q2)| for the π0 from different experiments. The
curves are from the fits (A) and (B), and the dashed
line shows the asymptotic prediction from pQCD
(∼ 0.185 GeV).

5 π0 transition form factor
The differential cross section is translated to the transition form factor multiplied by the Q2, Q2|F(Q2)|,
using the calculated conversion factor.

We show the Belle result for the transition form factor in Fig. 6, as well as the results of the
previous measurements. It is compared with the asymptotic QCD prediction shown by the dashed line.
Our result is close to the line at the highest Q2 region. The Q2 dependence of the Belle data is smoother
than the BaBar results and does not show a rapid growth above 10 GeV2.

We try a parameter fit for the Q2 dependence of the form factor with the function suggested by
BaBar, ∼ (Q2/10 GeV2)β (fit(A)). Each of our fit results for the size and slope parameters differs
from the corresponding BaBar’s value by about 1.5σ to the smaller side. We also try a fit to another
parameterization with an asymptotic limit, ∼ Q2/(Q2 +C) (fit(B)). The obtained fit for the asymptotic
value, 0.209± 0.016 GeV, is slightly larger than the QCD prediction but still consistent with it. The fit
curves are also shown in Fig. 6.

6 Summary
We have measured the neutral pion transition form factor for the process γγ∗ → π0 in the region
4 GeV2 <∼ Q2 <∼ 40 GeV2 with a 759 fb−1 data sample collected with the Belle detector at the KEKB
asymmetric-energy e+e− collider. The measured values of Q2|F(Q2)| agree with the previous measure-
ments [6,7,1] for Q2 <∼ 9 GeV2. In the higher Q2 region, in contrast to BaBar, our results do not show
a rapid growth with Q2, and they are closer to theoretical expectations.
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Superconformal Algebra
2X2 Hadronic Multiplets
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'$e ee
 B�, LB + 1
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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, JP = 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 �m2 =
Pn

i=1
m2

i

x
i

to the LF kinetic

energy. The resulting LF wave function is then modified by the factor e�
1
2��m2

, 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 �m2 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

Tetraquark

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

Baryon

Bosons, Fermions with Equal Mass!



�
� @2

⇣ + 4⇣2 + 22(LB + 1) +
4L2

B � 1
4⇣2

�
 +

J = M2 +
J

Baryon Equation

Meson Equation

M2(n,LB) = 42(n + LB + 1)

�
� @2

⇣ + 4⇣2 + 22LB +
4(LB + 1)2 � 1

4⇣2

�
 �J = M2 �J

�
� @2

⇣ + 4⇣2 + 22(J � 1) +
4L2

M � 1
4⇣2

�
�J = M2�J

M2(n,LM ) = 42(n + LM ) Same κ!

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

both chiralities 

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

42S=1/2, P=+ S=1/2, P=+

S=3/2, P=-

S=1/2, P=- S=1/2, 3/2
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Figure 2: Supersymmetric meson-nucleon partners: Mesons with S = 0 (red triangles) and
baryons with S = 1

2 (blue squares). The experimental values ofM2 are plotted vs LM = LB+1.

The solid line corresponds to
√
λ = 0.53 GeV. The π has no baryonic partner.

between λB and λM . Only confirmed PDG states are included [23].

4.2 The Mesonic Superpartners of the Delta Trajectory

The essential physics derived from the superconformal connection of nucleons and

mesons follows from the action of the fermion-number changing supercharge operator

Rλ. As we have discussed in the previous section, this operator transforms a baryon with

angular momentum LB into a superpartner meson with angular momentum LM = LB+1

(See Appendix B), a state with the identical eigenvalue – the hadronic mass squared.

We now check if this relation holds empirically for other baryon trajectories.

We first observe that baryons with positive parity and internal spin S = 3
2 , such as

the ∆
3

2

+

(1232), and baryons with with negative parity and internal spin S = 1
2 , such

as the ∆
1
2

−

(1620), lie on the same trajectory; this corresponds to the phenomenological

assignment ν = LB + 1
2 , given in Table 1. From (12) we obtain the spectrum 10

M2(+)

n,LB,S= 3
2

= M2(−)

n,LB,S= 1
2

= 4

(

n+ LB +
3

2

)

λB. (44)

10For the ∆-states this assignment agrees with the results of Ref. [24].
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Superconformal AdS Light-Front Holographic QCD (LFHQCD): 
Identical meson and baryon spectra!

Meson-Baryon 
Mass Degeneracy 

for LM=LB+1

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

M2
meson

M2
nucleon

=
n + L

M

n + L
B

+ 1
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

Fit to the slope of Regge trajectories, 
including radial excitations

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

Dosch, de Teramond, Lorce, sjb

mu = md = 46 MeV, ms = 357 MeV



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: Equal Probability for L=0,1



 Stan BrodskyThe structure of hadrons using light-front 
holography and superconformal algebraMay 4-6, 2017

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 =
1

2
, Lz = 0) +

1

2
(Sz

q = �1

2
, Lz = 1) =< Lz >=

1

2



p

Gluonic distribution reflects quark+diquark color structure of the proton

Color confinement potential —> high density gluon field: flux tube

|p >= |u3C [ud]3̄C >

U

d
J=0

p(Jz = +1/2)

u(Sz = +1/2) u(Sz = �1/2)

Lz = 0 Lz = �1

AdS/QCD + Light Front Holography: Proton is bound state of a quark + scalar diquark

Equal probability L=0, L=1

de Teramond, Dosch, Lorce, sjb 

Skyrme model: Ellis, Karliner, sjb

Quark chiral symmetry
Anomalous moment nonzero
Leading Twist Sivers Effect

LF Jz conservation: K. Chiu, sjb
3C ⇥ 3C = 3̄C + 6C



Using SU(6) flavor symmetry and normalization to static quantities

0

0.4

0.8

1.2

10 20 300

Q2  (GeV2)

Q
4

 F
p 1

  
(Q

2
) 

 (
G

e
V

4
)

2-2012
8820A18

0

-0.2

10 20 300

Q2  (GeV2)

Q
4

 F
n 1

  
(Q

2
) 

 (
G

e
V

4
)

2-2012
8820A17

0

1

2

0 2 4 6

Q2  (GeV2)

F
np 2
  
(Q

2
)

2-2012
8820A8

-2

-1

0

0 2 4 6

Q2  (GeV2)

F
n 2
  
(Q

2
)

2-2012
8820A7
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Untitled-1 1

Spacelike Pauli Form Factor

F2(Q2)

Q2(GeV2)

JADE determination of �s(MZ)

M =
⇥

TH ⇥�⌅i

M ⇤ f(⇥CM)
QNtot�4

�
initial ⇤

H
i =

�
final ⇤

H
j

Harmonic Oscillator Confinement 
Normalized to anomalous 

moment

F p
2 (Q2)

� = 0.49 GeV

G. de Teramond, sjb 

From overlap of L = 1 and L = 0 LFWFs



• 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



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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Sufian, de Teramond, Deur, Dosch, sjb

Includes  
5-quark 

Fock states

Q4F p
1 (Q

2)

Q4Fn
1 (Q

2)

Q6Fn
2 (Q

2)

Q6F p
2 (Q

2)
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Dressed soft-wall current brings in higher 
Fock states and more vector meson poles
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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

= 42(1/2 + n)

Frascati data 14% four-quark 
 probability



!10 !5 0 5 10

!4

!3

!2

!1

0

1

2

log!FΠ!q2""

q2(GeV2)

Frascati

BaBar ISR

spacelike timelike

JLab

log |F⇡(s)|
Pion Form Factor from AdS/QCD and Light-Front Holography



•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,Q

2)� g

en
1 (x,Q

2)] ⌘ ga

6
[1� ↵g1(Q2)

⇡

]
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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



�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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Sublimated gluons below 1 GeVAdS/QCD dilaton captures the higher twist corrections to  effective charges for Q < 1 GeV

e' = e+2z2



Perturbative QCD

Holographic QCD

(asymptotic freedom)

Q0

Non−perturbative
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Deur, de Tèramond, sjb
m⇢ =

p
2

mp = 2

� ⌘ 2

World Data:

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

Q0 = 0.87± 0.08 GeV MS scheme
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Use Q0 for 
starting 
DGLAP  

and ERBL 
Evolution ⇤MS = 0.339± 0.019 GeV

Prediction

⇤MS = 0.332± 0.017 GeV



Future Directions for AdS/QCD
• Hadronization at the Amplitude Level 

• Diffractive dissociation of pion and proton to jets 

• Factorization Scale for ERBL, DGLAP evolution: Q0 

• Calculate Sivers Effect including FSI and ISI 

• Compute Tetraquark Spectroscopy:  Sequential Clusters 

• Update SU(6) spin-flavor symmetry 

• Heavy Quark States:  Supersymmetry, not conformal 

• Compute higher Fock states; e.g. Intrinsic Heavy Quarks 

• Nuclear States — Hidden Color 

• Basis LF Quantization 

• BLFQ: Basis Light-Front Quantization

de Tèramond, Dosch, Lorce, sjb

Vary, sjb

Hard Two-Photon Exclusive Processes, Photon Structure Functions, TMDs, C=+ Spectroscopy
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q

p�⇤(q2)

Characteristics of the quark-antiquark flux tube
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2
q massive quarks

massless quarks

Planar structure reflects color-confinement potential 
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2
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2
?x(1� x)

AdS/QCD + Light-Front Holography
de Teramond, Dosch, Lorce, sjb 



p
p

Collisions of  flux tubes of  protons

p

Gluonic distribution reflects quark+diquark color structure of the protons

Color confinement potential —> high density gluon field: flux tube

|p >= |u3C [ud]3̄C >

Highest  hadron multiplicity produced when the two flux tubes are aligned and 
overlap completely along their length.

v2 (dominant) + v3 (from `Y’ quark + diquark configurations)

Hadrons produced from the 
collisions of flux tubes

• Strangeness and charm enhancements

Bjorken, Goldhaber, sjb



Ridge creation in Ultra-Peripheral pp scattering 

p0

p

p0

p

�⇤

�⇤

M2
qq̄ =

k

2
? +m

2
q

x(1� x)

1� x,�~k?

x,

~

k?
q

q̄

pp ! �⇤�⇤p0p0 ! Xp0p0

Hadrons produced from the 
collisions of flux tubes

Plane of quark anti-quark and produced ridges aligned  
with plane of electron scattering

Correlation of qq̄ and proton scattering planes: ⇠ cos

2
��



Collisions of Gluonic Strings in Ultra-
Peripheral Collisions

• quark-antiquark plane aligned with proton scattering plane 

• maximum hadron multiplicity from flux tubes of colliding strings between two aligned quark-antiquark 
pairs — flux tubes aligned along their length

• maximum multiplicity  produced when both protons scatter in same plane!

• minimum multiplicity when protons scatter at orthogonal angles

• Control ridge phenomena and multiplicity from orientations of UPC proton scattering planes

• Issue: Do the collisions modify the planar correlations?

• quark-antiquark pair distributions determined from each virtual photon LFWF 

• Virtual photon polarization correlates quark-antiquark plane with the proton scattering planes

• Dependence on quark flavor, invariant mass of quark-antiquark pair

• New Domain for Hadron Dynamics

• Connection of Flux Tube to Color Confinement

• Similar results for photon-photon collisions                      
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Useful Theory Tool: 
“Fool’s ISR Frame” Bjorken

Use A+ =0 gauge consistently 
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Saturation, nuclear shadowing, antishadowing
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High Q2, high M2Q virtual photon acts as a precision, small bore,  
linearly oriented, flavor-dependent probe acting on a proton or nuclear target.  

Study final-state hadron multiplicity distributions, 
ridges, nuclear dependence
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where s0 is a typical hadronic scale ∼ 1 GeV2 which replaces M2
X in Eq. (4). In the last

step we also make the simplifying assumption that the contribution to the denominator
from the Odderon is numerically much smaller than from the Pomeron and therefore can be
neglected. The maximally allowed Odderon coupling at t=0 is then given by,
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∆ρmax(s)

2
cot

παO

2

(

s
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)αP−αO

. (13)

Strictly speaking this limit applies for the soft Odderon and Pomeron and is therefore not
directly applicable to charm photoproduction which is a harder process, i.e. with larger
energy dependence. According to recent data from HERA [24] the energy dependence,
parameterized as sδ

γp, for photoproduction of J/ψ mesons is δ = 0.39 ± 0.09 for exclusive
production and δ = 0.45±0.13 for inclusive production corresponding to a Pomeron intercept
of αP(0) ≃ 1.2. Even so we will use this limit to get an estimate of the maximal Odderon
coupling to the proton.
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FIG. 3. The amplitudes for the asymmetry using the Donnachie-Landshoff [21] model for the

Pomeron/Odderon coupling to the quark and the proton.

The amplitudes can be calculated using the Donnachie-Landshoff [21] model for the
Pomeron and a similar ansatz for the Odderon [12]. The coupling of the Pomeron/Odderon
to a quark is then given by κγcc̄

P/Oγρ, i.e. assuming a helicity preserving local interaction. In

the same way the Pomeron/Odderon couples to the proton with 3κP/O
pp′ F1(t)γσ if we only

include the Dirac form-factor F1(t). The amplitudes shown in Fig. 3 can then be obtained

by replacing gP/O
pp′ (t)gγcc̄

P/O(t, M2
X , zc) in Eq. (4) by,

gP/O
pp′ (t)gγcc̄

P/O(t, M2
X , zc) = 3κP/O

pp′ F1(t)ū(p − ℓ)γσu(p)

(

gρσ −
ℓρqσ + ℓσqρ

ℓq

)

κγcc̄
P/Oϵµ(q)

×ū(pc)

{

γµ ̸ ℓ− ̸ pc̄ + mc

(1 − z)M2
X

γρ − SP/Oγρ ̸ pc − ̸ ℓ + mc

zM2
X

γµ

}

v(pc̄)

where ℓ = ξp is the Pomeron/Odderon momentum and gρσ − ℓρqσ+ℓσqρ

ℓq stems from the
Pomeron/Odderon “propagator”. Note the signature which is inserted for the crossed dia-
gram to model the charge conjugation property of the Pomeron. The Pomeron amplitude

7
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Measure charm asymmetry in 
photon fragmentation region

Odderon-Pomeron Interference!

Merino, Rathsman, sjb
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more
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• Control Collisions of Flux Tubes and Ridge Phenomena 

• Study Flavor-Dependence of Anti-Shadowing 

• Heavy Quarks at Large x; Exotic States 

• Direct, color-transparent hard subprocesses and the baryon 
anomaly 

• Tri-Jet Production and the proton’s LFWF 

• Odderon-Pomeron Interference 

• Digluon-initiated subprocesses and anomalous nuclear 
dependence of quarkonium production 

• Factorization-Breaking Lensing Corrections

Novel QCD Physics at the EIC



9th Summer School in Theoretical Physics, Chongqing, Matin Mojaza

The Running Coupling in QED 

- Vertex- and wavefunction renormalization cancel exactly in QED due to the 
Ward-Takahashi identity - the running coupling is physical!

- Independent of the initial renormalization scale

- Obeys renormalization group properties;
renormalization scheme- and scale-invariance, transitivity, etc...

- The argument of the running coupling is the ‘final scale’ that resums all non-
conformal terms; a function of scheme and renormalization scale

{ci}

a(τ, {ci})

τ

A

B

C

D

E F

- Resummed perturbative QED = dressed 
skeleton expansion; 

- the perturbative coefficients are those of the 
would-be conformal theory

- Let’s give this lesson a name so we don’t forget:
The Principal of Maximum Conformality

S.J. Brodsky, X.-G. Wu; Phys.Rev. D86 (2012) 054018, [arxiv:1208.0700]

PHYSICAL REVIEW D VOLUME 28, NUMBER 1 1 JULY 1983

On the elimination of scale ambiguities in perturbative quantum chromodynamics

Stanley J. Brodsky
Institute for Advanced Study, Princeton, New Jersey 08540

and Stanford Linear Accelerator Center, Stanford Unioersity, Stanford, California 94305*

G. Peter Lepage
Institute for Aduanced Study, Princeton, New Jersey 08540

and Laboratory ofNuclear Studies, Cornell Unioersity, Ithaca, New York I4853*

Paul B.Mackenzie
Fermilab, Batavia, Illinois 6D51D
(Received 23 November 1982)

We present a new method for resolving the scheme-scale ambiguity that has plagued perturbative
analyses in quantum chromodynamics (QCD) and other gauge theories. For aphelian theories the
method reduces to the standard criterion that only vacuum-polarization insertions contribute to the
effective coupling constant. Given a scheme, our procedure automatically determines the coupling-
constant scale appropriate to a particular process. This leads to a new criterion for the convergence
of perturbative expansions in QCD. We examine a number of well known reactions in QCD, and
find that perturbation theory converges well for all processes other than the gluonic width of the Y.
Our analysis calls into question recent determinations of the QCD coupling constant based upon Y
decay.

I. INTRODUCTION the for orthopositronium is much

Physics Letters B 279 (1992) 352-358 
North-Holland PHYSICS LETTERS B 

On some possible extensions 
of the Brodsky-Lepage-Mackenzie approach 
beyond the next-to-leading order 
G. Grunberg  
Centre de Physique Theorique, Ecole Polytechnique, F-91128 Palaiseau, France 

and 

A.L. Kataev 1 
Randall Laboratory of Physics, University of Michigan. Ann Arbor, M148109-1120, USA 

Received 20 May 1991; revised manuscript received 20 January 1992 

Noting that the choice of  renormalization point advocated by Brodsky, Lepage and Mackenzie ( BLM ) is the flavor independent 
prescription which removes all f-dependence from the next-to-leading order coefficients, we consider the possible generalization 
which requires all higher order coefficients ri to be f-independent constants r,*. We point out that in QCD, setting ri= r,* is always 
possible, but leaves us with an ambiguous prescription. We consider an alternative possibility within the framework of  the BLM 
approach and apply the corresponding prescription to the next-to-next-to-leading approximation of trtot(e+e - ~hadrons)  in QCD. 
The analogous questions and the special features of the BLM and effective charge approaches in QED are also discussed. 

PHYSICAL REVIEW D VOLUME 51, NUMBER 7 1 APRIL 1995

Commensurate scale relations in quantum chromodynamics

Stanley J. Brodsky
Stanford Linear Accelerator Center, Stanford University, Stanford, California 9)909

Hung Jung Lu*
Department of Physics, University of Maryland, College Park, Maryland 20742

(Received 4 May 1994)

We use the BLM method to relate perturbatively calculable observables in +CD, including the
annihilation ratio R +, , the heavy quark potential, and radiative corrections to structure function
sum rules. The commensurate scale relations connecting the effective charges for observables A and
B have the forin cry(Qq) = nor(Qg) (1+regis —P + ), where the coefficient rqg~ is independent
of the number of ffavors f contributing to coupling constant renormalization. The ratio of scales
Qz/Qir is unique at leading order and guarantees that the observables A and B pass through new
quark thresholds at the same physical scale. We also show that the commensurate scales satisfy the
renormalization group transitivity rule which ensures that predictions in PQCD are independent of
the choice of an intermediate renormalization scheme C. In particular, scale-Axed predictions can
be made without reference to theoretically constructed renormalization schemes such as MS. +CD
can thus be tested in a new and precise way by checking that the observables track both in their
relative normalization and in their commensurate scale dependence. The generalization of the BLM
procedure to higher order assigns a different renormalization scale for each order in the perturbative
series. The scales are determined by a systematic resummation of running coupling constant effects.
The application of this procedure to relate known physical observables in +CD gives rather simple
results. In particular, we find that up to light-by-light-type corrections all terms involving (s,
and m in the relation between the annihilation ratio R + and the Bjorken sum rule for polarized
electroproduction are automatically absorbed into the renormalization scales. The final series has

Scale setting using the extended renormalization group and the principle of maximum
conformality: The QCD coupling constant at four loops

Stanley J. Brodsky1,* and Xing-Gang Wu1,2,†

1SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, USA
2Department of Physics, Chongqing University, Chongqing 401331, China

(Received 30 November 2011; published 22 February 2012)

A key problem in making precise perturbative QCD predictions is to set the proper renormalization

scale of the running coupling. The extended renormalization group equations, which express the

invariance of the physical observables under both the renormalization scale- and scheme-parameter

transformations, provide a convenient way for estimating the scale- and scheme-dependence of the

physical process. In this paper, we present a solution for the scale equation of the extended renormal-

ization group equations at the four-loop level. Using the principle of maximum conformality (PMC)/

Brodsky-Lepage-Mackenzie (BLM) scale-setting method, all nonconformal f!ig terms in the perturbative

expansion series can be summed into the running coupling, and the resulting scale-fixed predictions are

independent of the renormalization scheme. The PMC/BLM scales can be fixed order-by-order. As a

useful reference, we present a systematic and scheme-independent procedure for setting PMC/BLM scales

up to next-to-next-to-leading order. An explicit application for determining the scale setting of Reþe"ðQÞ
up to four loops is presented. By using the world average "MS

s ðMZÞ ¼ 0:1184& 0:0007, we obtain the

asymptotic scale for the ’t Hooft scheme associated with the MS scheme, !0tH
MS

¼ 245þ9
"10 MeV, and the

asymptotic scale for the conventional MS scheme, !MS ¼ 213þ19
"8 MeV.

DOI: 10.1103/PhysRevD.85.034038 PACS numbers: 12.38.Aw, 11.10.Gh, 11.15.Bt
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Progress in Particle and Nuclear Physics 72 (2013) 44–98
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Review

The renormalization scale-setting problem in QCD
Xing-Gang Wua,⇤, Stanley J. Brodskyb, Matin Mojazab,c

a Department of Physics, Chongqing University, Chongqing 401331, PR China
b SLAC National Accelerator Laboratory, Stanford University, CA 94039, USA
c CP3-Origins, Danish Institute for Advanced Studies, University of Southern Denmark, DK-5230, Denmark

a r t i c l e i n f o

Keywords:
Renormalization group
Renormalization scale
BLM/PMC
QCD

a b s t r a c t

A key problem in making precise perturbative QCD predictions is to set the proper renor-
malization scale of the running coupling. The conventional scale-setting procedure assigns
an arbitrary range and an arbitrary systematic error to fixed-order pQCD predictions. In
fact, this ad hoc procedure gives results which depend on the choice of the renormaliza-
tion scheme, and it is in conflict with the standard scale-setting procedure used in QED.
Predictions for physical results should be independent of the choice of the scheme or other
theoretical conventions. We review current ideas and points of view on how to deal with
the renormalization scale ambiguity and show how to obtain renormalization scheme-
and scale-independent estimates.We begin by introducing the renormalization group (RG)
equation and an extended version, which expresses the invariance of physical observ-
ables under both the renormalization scheme and scale-parameter transformations. The
RG equation provides a convenient way for estimating the scheme- and scale-dependence

Review of past
30 years development

Systematic All-Orders Method to Eliminate Renormalization-Scale and
Scheme Ambiguities in Perturbative QCD

Matin Mojaza*

CP3-Origins, Danish Institute for Advanced Studies, University of Southern Denmark, DK-5230 Odense, Denmark
and SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA

Stanley J. Brodsky†

SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA

Xing-Gang Wu‡

Department of Physics, Chongqing University, Chongqing 401331, People’s Republic of China
(Received 13 January 2013; published 10 May 2013)

We introduce a generalization of the conventional renormalization schemes used in dimensional

regularization, which illuminates the renormalization scheme and scale ambiguities of perturbative

QCD predictions, exposes the general pattern of nonconformal f!ig terms, and reveals a special

degeneracy of the terms in the perturbative coefficients. It allows us to systematically determine the

argument of the running coupling order by order in perturbative QCD in a form which can be readily

automatized. The new method satisfies all of the principles of the renormalization group and eliminates an

unnecessary source of systematic error.

DOI: 10.1103/PhysRevLett.110.192001 PACS numbers: 12.38.Bx, 11.10.Gh, 11.15.Bt, 12.38.Aw

PRL 110, 192001 (2013) P HY S I CA L R EV I EW LE T T E R S
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Recent Breakthrough!
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Principle of Maximum Conformality (PMC)



Electron-Electron Scattering in QED

t u

This is very important!

This is very important!

This is very important!

This is very important!
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1�⇧(t,t
0

)

Gell-Mann--Low Effective Charge
• Dressed Photon Propagator sums all β (vacuum polarization) contributions, 

proper and improper 
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)
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• Initial Scale Choice t0 is Arbitrary! 

• Any renormalization scheme can be used ↵(t)! ↵MS(e�
5
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Shift scale of αs to µPMC
R to eliminate {βR

i }− terms

Conformal Series

Choose renormalization scheme; e.g. αR
s (µ

init
R )

Choose µinit
R ; arbitrary initial renormalization scale

Identify {βR
i }− terms using nf − terms

through the PMC −BLM correspondence principle

Result is independent of µinit
R and scheme at fixed order

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

No renormalization scale ambiguity! 

Result is independent of  
Renormalization scheme  

and initial scale! 

QED Scale Setting at NC=0 

Eliminates unnecessary  
systematic uncertainty

PMC/BLM

Set multiple renormalization scales -- 
Lensing, DGLAP, ERBL Evolution ...

δ-Scheme automatically             
identifies β-terms!

Scale fixed at each order

Principle of Maximum Conformality

δ

order by order
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A robot can compute the PMC scales
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Figure 11. Predictions for the mtt̄ cumulative asymmetry: pure QCD at NLO and NNLO (as
derived in this work), NLO prediction of Ref. [11] including EW corrections, as well as the PMC
scale-setting prediction of Ref. [11].

range of mtt̄ used for the calculation of the NNLO result, fixed and dynamic scales would lead

to consistent predictions within scale errors (see also recent discussion for the LHC [92]).

We conclude that the two scale-setting approaches produce very di↵erent predictions for

the mtt̄ cumulative ÂFB and it should be easy to distinguish between the two with data,

especially in the region around mtt̄ ⇠ 500GeV. We would also like to point out that the

NNLO prediction based on conventional scale-setting with µR = mt exhibits the “increasing-

decreasing” behaviour pointed out in Ref. [11], albeit much less pronounced than in the PMC

scale-setting approach.

5 Comparisons between di↵erent pdf sets

An alternative way of assessing the pdf dependence in theory predictions is to compare calcu-

lations with di↵erent pdf sets. In this section we compare NNLO QCD predictions based on

four state-of-the-art pdf sets: CT10, HERA 1.5, MSTW2008 and NNPDF 2.3. We compare

the central pdf members for central scale choice µF = µR = mt.
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We conclude that the two scale-setting approaches produce very di↵erent predictions for

the mtt̄ cumulative ÂFB and it should be easy to distinguish between the two with data,

especially in the region around mtt̄ ⇠ 500GeV. We would also like to point out that the

NNLO prediction based on conventional scale-setting with µR = mt exhibits the “increasing-

decreasing” behaviour pointed out in Ref. [11], albeit much less pronounced than in the PMC

scale-setting approach.

5 Comparisons between di↵erent pdf sets

An alternative way of assessing the pdf dependence in theory predictions is to compare calcu-

lations with di↵erent pdf sets. In this section we compare NNLO QCD predictions based on

four state-of-the-art pdf sets: CT10, HERA 1.5, MSTW2008 and NNPDF 2.3. We compare

the central pdf members for central scale choice µF = µR = mt.
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Predictions for the cumulative front-back asymmetry.
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Small value of  renormalization scale  increases 
asymmetry, just as in QED

g

Xing-Gang Wu, sjb

Interferes with Born term. 

t

t̄

Implications for the p̄p! t¯tX asymmetry at the Tevatron
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Features of BLM/PMC

• Predictions are scheme-independent at every order

• Matches conformal series

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

• No n! Renormalon growth

• 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

• Same as Gell-Mann Low for QED 

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

• Eliminates unnecessary theory error

• Maximal sensitivity to new physics

• Example: BFKL intercept (Fadin, Kim, Lipatov, Pivovarov, sjb)

NC ! 0
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