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Mesons and Baryons: Same Regge Slope M? o J !
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The leading Regge trajectory: A resonances with maximal | in a given mass range.

Also shown is the Regge trajectory for mesons with | = L+S.

E. Klempt and B. Ch. Metsch




L

6 M? (GeVz)

p — A superpartner trajectories

.-
5:—-
-

7t

Ly=Lg+1
011lLLLLlAJllllllllLLLAllllllll

0 1 2 3 4 5
Dosch, de Teramond, sjb L (Orbital Angular Momentum)



: 2 2
os M* (GeV?) ]
s P A superpartner trajectories i1+
b A
M MESONS
19q] 03, W3 s+ 74
3+ Az ;A2 [ A2 A2
2L
I p,w
| Ly=Lg+1
0_1 N I R (T ST W W WA WA S S W W N VT ST S S W W
0 1 2 3 4 S

Dosch, de Teramond, sjb

L (Orbital Angular Momentum)




| 2 2
os M* (GeV?)
s P A superpartner trajectories i1+
b A2
M MESONS
[qq] P3, W3
3L
2L
~ BARYONS
lqqq]
I p,w |
| Ly=Lg+1
0_..1111.1,...1....11.1‘1....1...
0 1 2 3 4 5

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



: 2 2

o- M* (GeV?)

5 o — A superpartner trajectories ns
b A2

S MESONS i
[qq] P3, W3

3- _

2. _
: BARYONS

lqqq]

1 p,w i
| Ly = Lg+ |

0_. N T VT VT VT S (P U W W A T ST S W SR N S S S U S T ST SR SR S Wy

0 1 2 3 4 5

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



: 2 2

os M* (GeV?)

N A superpartner trajectories n+ o
b A2

M MESONS i
[q(‘ﬂ P3, W3

3+ -

2. _
: BARYONS

l9q4]

' p,w t
| Ly=Lg+1 -

0_. N N S S VR T Y S S R S S WU W S S SR S S SR N S

0 1 2 3 4 )

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



6 M? (GeVz)
5t
I MESONS
i 94
3
2
1M p,w
0:.-1 1 | |

p — A superpartner trajectories .

P3, W3

AN (OIN
qqq]

o

Ly=Lg+1 |

\-4

A

1 | 1 1 1 1 |

Dosch, de Teramond, sjb

2 3 4 S
L (Orbital Angular Momentum)



-

0

qq]

Supersymmeiric
QCD Spectroscopy

3+ 5+

P3, W3

i AE,Az Az Az :
-
i A2 )
| BARYONS q
| qqq] :
- P, W \
- LM=LB+1:
S T S

Dosch, de Teramond, sjb

L (Orbital Angular Momentum)



de Téramond, Dosch, Lorce’, sjb
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Regge Slope for Meson, Baryons in n and L:

Supersymmetric feature of hadron physics



Profound Questions for Hadron Physics

Color Confinement

® Origin of the QCD Mass Scale

® Meson and Baryon Spectroscopy and Structure

® Universal Regge Slopes: n, L, Mesons and Baryons:
® Exotic States: Tetraquarks, Pentaquarks, Gluonium

® Massless Pion: Quark Anti-Quark Bound State

® Hadron Structure and Dynamics: QCD Coupling at all
Scales

® Hadronization at the Amplitude Level

® (Eliminate Scale Ambiguities



BLM Renormalization Scale Setting

PHYSICAL REVIEW D VOLUME 28, NUMBER 1

On the elimination of scale ambiguities in perturbative quantum chromodynamics

‘ 1 Stanley J. Brodsky

Institute for Advanced Study, Princeton, New Jersey 08540
and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305*

G. Peter Lepage
Institute for Advanced Study, Princeton, New Jersey 08540
and Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853*

Paul B. Mackenzie
Fermilab, Batavia, Illinois 60510
(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 Abelian 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.

Cited by | 182 records




Electron-Electron Scattering in QED
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Electron-Electron Scattering in QED

8s 8ws
Mee——}ee(++;++) — """"t"""' a(t) | a(u)

No renormalization scale ambiguity in QED! N
Gauge Invariant. Dressed photon propagator . .
t u \
Sums all vacuum polarization, proper and improper
—_— L

All non-zero beta terms into running coupling. This is the purpose of the
running coupling!

e Two separate physical scales: t, u = photon virtuality

If one chooses a different initial scale, one must sum an infinite number
of graphs

Number of active leptons correctly set
Analytic: reproduces correct behavior at lepton mass thresholds

No renormalization scale ambiguity!



Electron-Electron Scattering in QED

8ms 8mrs
Meeﬁee(++;++) — "'"t’“"' O!(t) | a(u)

e

a(t) = 1-np
Gell-Mann--Low Effective Charge

® Dressed Photon Propagator sums all § (vacuum polarization) contributions,
proper and improper
Oé(t()) H(t t ) _ (t) B ----(t0>
QY (t) — y L0
T — TI(¢, o)

¢ Initial Scale Choice t, is Arbitrary!

3}

* Any renormalization scheme canbeused & (t) — aM—S(e 3 t)
8



Features of BLM Scale-Setting

On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.

Lepage, Mackenzie, sjb Phys.Rev.D28:228,1983

e All terms associated with nonzero beta function
summed into QCD running coupling

* Resulting series identical to conformal series

* Renormalon n! growth of PQCD coefhcients from
beta function eliminated!

* In general, BLM scale depends on all invariants

°* No—=>0: OQCD — QED



lim No — 0 at fixed a = Cpas,ny = ng/Cg
QCD — Abelian Gauge Theory

Analytic Feature of SU(Nc)

Gauge Theory Huet, sb
Nz —1

C
A




Supersymmetric
SU(5)
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M. Binger, sjb

Asymptotic Unification
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Supersymmetric

SU(5) Asymptotic Unification
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M. Binger, sjb

Must use same renormalization procedure! >
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Must Use Same Scale-Setting Procedure! BLM/PMC



BLM Renormalization scale depends on the thrust

Not constant !
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(1-T)/ordor/d(1-T)

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

S.-Q. Wang, L. Di Giustino, X.-G. Wu, sjb
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Principle of Maximum Conformality (PMC)



Renormalization scale depends on the C-paramete

K00 -

: 2117 | «inZ . . i
0.500 - _ 3 Zz’,j |pz\|p3\ 812n ‘9%3 GM — L scheme
2 (Zz pil)

MS Scheme_;

- ———-  Conventional scale

0.010 - PMC scale ?n QCD ]
| PMC scale in QED '

0.005

Scales/\/?
i
- —
R O
— =
\\\\

S.-Q. Wang, L. Di Giustino,

X.-G. Wu, sjb




Principle of Maximum Conformality (PMC)
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028 71— —
| Determine QCD running coupling from :

026, ]l measurement of the -
-\ thrust distribution at one energy!
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ete -7V > qqg

Determine QCD running coupling from

measurement of the thrust T and the
C-distribution at one energy!

A Thrust
m C-parameter

A new way to measure aS(Qz)

0.25F

0.20+

0.15F . ., .
2

S.-Q.Wang, L. Di Giustino, X.-G.WVu, S|B



Relate Observables to Each Other

Eliminate intermediate scheme
No scale ambiguity

"Iransitive!

Commensurate Scale Relations

Example: Generalized Crewther Relation



Apply BLM, Eliminate MShar,
Find Amazing Simplification
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Geometric Series in Conformal QCD

Generalized Crewther Relation

Lu, Kataev, Gabadadze, Sjb



Generalized Crewther Relation

1+ ozR7(TS*)][1 Ozg1(q2)] — 1

-
Vs* ~ 0.52Q

Conformal relation true to all orders in perturbation theory



QED provides an asymptotic series relating g and «,

g o AV a\3 a\4
©S =14+ C2<—> + C4<_> + C6<—> + C8<—> + ...
2 T T T

+ a _I_ Uhadronic + U weako

Light-by-Light Scattering Contribution to C@ O O

Aldins, Dufner, Kinoshita, sjb

G. Gabrielse, D. Hanneke, T. Kinoshita, M. Nio, and
B. Odom, Phys. Rev. Lett. 97, 030802 (2006).



9Q9

M

Apply BLM : a(?):
Sums an infinite number of vacuum polarization insertions




Principle of Maximum Conformality (PMC)

week endin
PRL 110, 192001 (2013) PHYSICAL REVIEW LETTERS 10 MAY 2013

>

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 {B;} 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.



SHEMIMM(@®  Principle of Maximum Conformality

as(q?) sums all 8 terms

Eliminates renormalization scale ambiguities for pQCD and
SM predictions

Predictions are independent of scheme and initial scale choice

Convergent conformal series: No “renormalons” C,~agp,n!
a(t,)
1 —II(z, 1)
Eliminates many outstanding conflicts of pQCD with
experiment

Consistent with Gell-Mann Low for QED a(t) =

Maximizes sensitivity of LHeC measurements to new physics



Set multiple renormalization scales --

Lensing, DGLAP, ERBL Evolution ...

Sy : R(,,nit
Choose renormalization scheme; e.g. o (Wp")

l

Choose p#; arbitrary initial renormalization scale

'

Identify {BE} — terms using ny — terms
through the PMC — BLM correspondence principle
or Rs schemeldependence

Shift scale of ay to ptMC

to eliminate {B} — terms

{

Conformal Series

PMC/BLM

INo renormalization scale ambiguity!
Result is independent of
Renormalization scheme

and initial scale!

QED Scale Setting at Nc=0

Eliminates unnecessary
systematic uncertainty

Scale fixed at each order

Rs-Scheme automatically

identifies 3-terms!

Principle of Maximum Conformality

Xing-Gang Wu, Matin Mojaza
Leonardo di: Giustino, S¥B



Predictions for the Top-Quark Forward-Backward Asymmetry at High Invariant Pair
Mass Using the Principle of Maximum Conformality

Sheng-Quan Wang"?* Xing-Gang Wu'," Zong-Guo Si®,* and Stanley J. Brodsky*

Top-quark pair asymmetries Apg (M > Mcut)

M.y (GeV) 350 400 450 500 550 600 650 700 750 | 800
Arg(M; > Meyw)|Conv.| 8.9% | 10.9% | 12.9% | 14.7% | 16.4% | 17.8% | 19.3% | 20.5% | 21.9% |23.2%
App(My; > Moy)|PMC | 9.6% | 17.1% | 29.9% | 43.5% | 45.1% | 37.8% | 33.5% | 31.4% | 30.5% |30.1%

s (g, ) 0.123 | 0.131 | 0.146 | 0.157 | 0.153 | 0.138 | 0.129 | 0.123 | 0.120 | 0.117

aoMC(GeV) 71 48 26 18 20 35 53 69 83 94

TABLE III: Top-quark pair asymmetries Apg(M; > Mcyt) using conventional (Conv.) and PMC scale-setting procedures,
respectively. The Conv. predictions are for the NLO pQCD predictions with O(a2a) and the O(a?) electroweak contributions
and the PMC predictions are calculated by Eq.(5). The predictions are shown for typical values of M.,:. The last two lines
give the values of the effective couplings @ (. '©) and the underlying effective scale fih ™€, respectively. The initial scale is

taken as p, = m;.

60
ssl PMC
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—&— CDF(2011) Q

ERENp

FIG. 1: Comparison of the PMC prediction for the top-pair
asymmetry Arp(M; > 450 GeV) with the CDF measure-
ment [5, 6]. The NLO results predicted by Refs. [10-12] un-
der conventional scale-setting are presented as a comparison,
which are shown by shaded bands.
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NNLO QCD predictions for fully-differential top-quark

pair production at the Tevatron arXiv:1601.05375
Michat Czakon,” Paul Fiedler,” David Heymes®’ and Alexander Mitov®

O . 5 | | | | I I T I
I|;IPI7|8 _ «— | Wang,etal
0.4 ILI\III\_I?O — o« | Czakon, et al
~ PMC
o5 0.3 F —— %

Arp (pﬁ — X, My > mf%‘t)

o V(N LO)

AFB(mtE > m
O
N
|

[\l

=
-

0.1
NLO , NNLO: Czakon, Fiedler, Heymes, Mitov
PMC and Conv NLO : Wang, Wu, Si, sjb
O ] ] ] ] ] ] ] ]
350 400 450 500 550 600 650 700 750 300
mi%t [GeV]

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

Predictions for the cumulative front-back asymmetry.



http://arxiv.org/abs/arXiv:1601.05375

Features of BLM/PMC

e Predictions are scheme-independent at every order

e Matches conformal series
e No n! Renormalon growth of pQCD series

e New scale appears at each order; nr determined at each order - matches virtuality of
quark loops

e Multiple Physical Scales Incorporated (Hoang, Kuhn, Tuebner, sjb)
e Rigorous: Satisfies all Renormalization Group Principles

e Realistic Estimate of Higher-Order Terms

e Reduces to standard QED scale N — ()

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

e Eliminates unnecessary theory error

e Maximal sensitivity to new physics

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

e PMC Reduces to BLM at NLO: Example: BFKL intercept (Fadin, Kim, Lipatov, Pivovaroy, sjb)
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Need a First Approximation to QCD
Comparable in stmplicity to

Schrodinger 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!



Challenge: Compute Hadron Structure, Spectroscopy, and

Dynamics from QCD!



Challenge: Compute Hadron Structure, Spectroscopy, and

Dynamics from QCD!

® 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)
® QCD Coupling at all Scales o (Q?)

® FEliminate Scale Uncertainties and Scheme Dependence

® Heavy Quark Distributions
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Instant Form



Instant Form

P.A.M Dirac, Rev. Mod. Phys. 21,
392 (1949)

o=ct—z i‘“ T=1t+ z/c

Front Form



P.A.M Dirac, Rev. Mod. Phys. 21,
392 (1949)

Dirac’s Amazing ldea:
The “Front Form”

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

Evolve in light-front time!

“ o=ct—z a« T =t+z/c

Evolve in ordinary time

Front Form

Instant Form



P.A.M Dirac, Rev. Mod. Phys. 21,

392 (1949)
Dirac’s Amazing ldea:
The “Front Form”
Evolve in ordinary time Evolve in light-front time!
“ o=ct—z a« T =t+z/c

Front Form

Instant Form

Casual, Boost Invariant!




P.A.M Dirac, Rev. Mod. Phys. 21,
392 (1949)

Dirac’s Amazing ldea:
The “Front Form”

Evolve in light-front time!

“ o=ct—z i‘“ L T=t+4+ 2z/c

Evolve in ordinary time

Front Form

Instant Form

Casual, Boost Invariant!

® Trivial LF Vacuum (up to zero modes)



The scattered electron measures the proton’s structure
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Causality: Information and correlations constrained by speed of light

e (k')

Fixed =1t + z/c

The scattered electron measures the proton’s structure
at the speed of light — like a flash photograph
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Dirac: Front Form

Measurements of hadron LF

wavefunction are at fixed LF time Fixed 7 =1+ z/c
. k™
Like a flash pbotograph Ty = T = o

Invariant under boosts! Independent of P*
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Light-Front Time

Each element of
flash photograph

illuminated
at same LF time
T=1t+z/c

Causal, frame-independent

Evolve in LF time
d
P~ —
ZdT
P* =P%+ P?

Eigenstate -- independent of T

Eigenvalue P~ =
Hpp = P*P, = Pt P~ — P?
QCD‘\I/}L >= Mz‘\Ilh >

o I 0 B

B RADLEY =

PHOTOGRAPHY



Bound States in Relativistic Quantum Field Theory:
Light-Front Wavefunctions

Dirac’s Front Form: Fixed T =1t +z/c

—".E %b(ﬁi,ELi,)\i)x R

~ pt poyps3
Invariant under boosts. Independent of P"

D
HZ |y >= M|y >

Direct connection to QCD Lagrangian

LF Wavefunction: off-shell in invariant mass

Remarkable new insights from AdS/CFT, the duality between conformal
field theory and Anti-de Sitter Space
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Direct connection to QCD Lagrangian

LF Wavefunction: off-shell in invariant mass

Remarkable new insights from AdS/CFT, the duality between conformal
field theory and Anti-de Sitter Space
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Light-Front Wavefunctions: rigorous representation of
composite systems in quantum field theory

Fixed T=t+ z/c

n (@, EJ_,,;, i) >k ;=0

Eigenstate of LF Hamiltonian QCD‘\IJh > = Mh‘\Ifh >

p,J, >= an(fb‘i,l_ﬂi, Ai)ln;l‘nkﬂ,)\i >

Invariant under boosts! Independent of P"

Causal, Frame-independent. Creation Operators on Simple Vacuum,
Current Matrix Elements are Overlaps of LFWFS



Light-Front QCD Physical gauge: AT =0

Exact frame-independent formulation of nonperturbative
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Physical gauge: AT =0

Exact frame-independent formulation of nonperturbative
QCD!

CD QCD
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H: Matrix in Fock Space
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Light-Front QCD

Physical gauge: AT =0

Exact frame-independent formulation of nonperturbative
QCD!

7QCD _, HQC’D

2 2
HQCD Z[ :BI— k_l_ ]z Hznt

(/
H¥t: Matrix in Fock Space

Eigenvalues and Eigensolutions give Hadronic Spectrum and Light-
Front wavefunctions

p,s p,S
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Light-Front QCD Physical gauge: AT =0

Exact frame-independent formulation of nonperturbative
QCD!

) OLF 5
HQCD Z[ + k ] Hznt o N "
2 X DS’ KA
H¥t: Matrix in Fock Space !
QCD B 2 KA b p,s
‘pa Jz >= an(xiak_l_za )"I’L xzakJ_za)\ > ’ %
n=3 k - Ako
Front wavefunctions

LEFWUFs: Off-shell in P- and invariant mass m{ z@i
Hznt
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Interaction
picture

struck K, =k + (1 —z;)qL

Drell &Yan, West
Exact LF formula!

Drell, sjb

spectators k' . =k, ; — x;q)



<p+4qlj*(0)p >= 2p* F(¢*)

Interaction
picture

struck K, =k + (1 —z;)qL

Drell &Yan, West
Exact LF formula!

Drell, sjb

spectators k’h =ki; —x;q7L



<p+4qlj*(0)p >= 2p* F(¢*)

sk Intgraotion
qi = Q2 = —q2 ’y Fixed T=t+ z/c picture
— N
q_l_ J— O qJ_ ‘s

struck K, =k + (1 —z;)qL

Drell &Yan, West A
Exact LF formula! ‘&beCtdtom kJ_z' — kJ_’L Liq |

Drell, sjb



<p+4qlj*(0)p >= 2p* F(¢*)

sk Interaction
Fixed T =t+ z/c picture

Form Factors are Overlaps
of LFWFs

o
|_
_|_
-
U

L,

_---‘---

|

I

I

I

1

I
v‘
I
d ok -

(i, k1) (s, kL)

struck K, =k + (1 —z;)qL

4--

Drell &Yan, West A
Exact LF formula! ‘&beCtdtom kJ_z' — kJ_’L Liq |

Drell, sjb



Exact LF Formula for Pauli Form Factor

F 2( / CECE)S eJ 1, Drell, sib

1 L ,
[ B q_?,m*(a:,, L M) (@i, ki, Ni) + q—R‘pi*(fEi, Lis i) zpl(xi’k“’)‘i)]

J_,;=k¢z'—33z'(h ,_Lj=k_1_j+(1—$j)q_|_

qr,I, = q* £ iqY

Xj, Ky} ]+ql

L=+

Py S,2-1/2 p+q, S,=1/2

Must have AZ, = +1 to have nonzero F»(q?)

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



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

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

graviton

Py S,=-1/2 p+aq, S,=1/2

B(O) =0 Each Fock State

Vanishing Anomalous gravitomagnetic moment B(O)



Advantages of the Dirac’s Front Form for Hadron Physics

Poincare’ Invariant

® Measurements are made at fixed t

® Causality is automatic

® Structure Functions are squares of LFWF's
® Form Factors are overlap of LFWF's
® LFWF's are frame-independent: no boosts, no pancakes!

Penrose, Terrell, Weisskopf

® 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

Roberts, Shrock, Tandy, sjb
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Must include vacuum-induced currents to compute form factors and
other current matrix elements in instant form

Boost are dynamical in instant form
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Light-Front Wavefunctions f,orce’. :
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Lorce,

Light-Front Wavefunctions P . .
asquini

underly hadronic observables

g Momentum space EJ_ < Z|  Position space
\U’n(m’ia kJ_ia )"1,) - A b,

r, ki, b1 Transverse density in position

space

Transverse density in
momentum space

Weak transition

form factors

Transverse

P

Longitudinal

/ Diffractive DIS from FSI

Sivers, T-odd from lensing




HQED QED atoms: positronium and

| muonium
v
(HO -+ H’Lnt) |\IJ >—= E ‘\IJ > Coupled Fock states
A? - ¥
[_ - + Veff(57 77)] zp(f’) — F w(f‘) Effective two-particle equation
red
I Includes Lamb Shift, quantum corrections
v
1 d° 1 4(£+1) | |
[_ Miveg dr2 | IMipeq 12 + Vesz(T, S, 6)] w(r) =k ¢(T) Spherical Basis T, (97 qﬁ



HoED

\ 4
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Semiclassical first approximation to QED

QED atoms: positronium and
muonium

Coupled Fock states

Effective two-particle equation

Includes Lamb Shift, quantum corrections
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Coulomb potential

Bohr Spectrum



HoED

\ 4
(H() —|— Hznt) |\Ij >= E ‘\If >

Semiclassical first approximation to QED

QED atoms: positronium and
muonium

Coupled Fock states

Effective two-particle equation

Includes Lamb Shift, quantum corrections

+ Vi (7, S, 0)] 1(r) = E 9(r) Spherical Basis 1, @, @

Coulomb potential

Bohr Spectrum

Schrédinger Eq.




Light-Front QCD
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mg = 0
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Light-Front QCD Fixed 7=t + z/c

EQCD . x
r by
[ (2 = (1l — x) b J
\ 4
0 I 2 Coupled Fock states
(Hpp + Hpp)|V >= M7 |¥ >
Eliminate higher Fock states
and retarded interactions
k2 + m? v L | | |
[a;%l — ) =+ ‘/;Ié‘F] Yrr(x, k) = M? Yrr(z, k) Effective two-particle equation
1 o
d2 1 — 4L2 . Azimuthal Basis ,
[ d(2 4¢2 | U(C)]¢(C) =M w(C) Single variable Equation
AdS/QCD: mq =0

[ U(C) — /4;44'2 + P (L + 9 — ]_) J Confining AdS/QCD potentiall

Semiclassical first approximation to QCD Sums an infinite # diagrams



Maldacena

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

2_R2

2

ds (nudetdz” — dz?),

xt — \xH, z — Az, maps scale transformations into the holographic coordinate z.
e AdS mode in z is the extension of the hadron wf into the fifth dimension.
e Different values of z correspond to different scales at which the hadron is examined.
2 = \N2?, 2z — Az
2

r“ = Mw“: iInvariant separation between quarks

e The AdS boundary at z — 0 correspond to the () — 00, UV zero separation limit.

AdS/CFT
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Dilaton-Modified AdS

2
) 127

ds? = e#? > (Nuvrtx” — dz?)

® Soft-wall dilaton profile breaks
conformal invariance #(?) — +r°2"

® Color Confinement in z
® Introduces confinement scale K

® Uses AdS;s as template for conformal
theory

J€ -
3¢ Fermilab Stan Brodsky .
- Supersymmetric Properties of Hadron Physics and 1 AP % 7_
Colloquium Other Remarkable Features of Hadron Physics Db F& \o8 4
November 6’ 2019 NATIONAL ACCELERATOR LABORATORY




[6‘/3(2) — 6-|—ﬁ:222J e deTeramond, sjb

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

AT p))e() = MPa(2)

dz? 422

U(z) = k2" +26*(L+ S — 1)



[690(;2) _ 6—|—m222J Positive-sign dilaton e de Teramond, sjb

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

AT p))e() = MPa(2)

dz? 422

U(z) = k2" +26*(L+ S — 1)



[690(2) _ 6—|—n2z2J Positive-sign dilaton e deTeramond, sjb

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

d? 1—4IL7
dz? 422

U (2)]8(2) = M?2(2)

U(z) = k2" +26*(L+ S — 1)

Derived from variation of Action for Dilaton-Modified AdSs

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



[690(2) _ 6—|—/<c2z2J Positive-sign dilaton e deTeramond, sjb

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

d? 1—4IL7
dz? 422

U (2)]8(2) = M?2(2)

U(z) = k2" +26*(L+ S — 1)

Derived from variation of Action for Dilaton-Modified AdSs

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

Z < (= z(1l-2)b



LF(3+1) -/ S: de Teramond, sjb
Light-Front Holographic Dictionary

(uR)? = L* = (J ~ 2)°



LF(3+1) -/ S: de Teramond, sjb
Light-Front Holographic Dictionary
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Light-Front Holographic Dictionary

¢($a EJ_)

¢ =y/z(1-2)b3

(uR)? = L* = (J ~ 2)°
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Light-Front Holographic Dictionary
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LF(3+1) -/ S: de Teramond, sjb
Light-Front Holographic Dictionary

(uR)? = L* = (J ~ 2)°

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



LF(3+1) -/ S: de Teramond, sjb
Light-Front Holographic Dictionary

Y(z,¢) = Va(l —z)("?¢(C)

(uR)? = L2 — (J — 22

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



LF(3+1) -/ S: de Teramond, sjb
Light-Front Holographic Dictionary

(1-x)

Y(z,¢) = Va(l —z)("?¢(C)

(uR)? = L2 — (J — 22

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




LF(3+1) -/ S: de Teramond, sjb
Light-Front Holographic Dictionary

Fixed T =t+ z/c . (1—zx)

Y(z,¢) = Va(l —z)("?¢(C)

(uR)? = L2 — (J — 22

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




de Teramond, Dosch, sjb

AdS/QCD

Soft-Wall Model
Light-Front Holography

[~ &, - 124 L U(0)]p(¢) = M2(C)

Light-Front Schrodinger Equation

Single variable
Confinement scale: kK~ 0.5 GeV



de Teramond, Dosch, sjb

AdS/QCD

Soft-Wall Model
Light-Front Holography

[~ &, - 24 L U(Q]9(C) = M2(C)

Light-Front Schrodinger Equation
UC) = k*C?+2x*(L+ S —1)

Conformal Symmetry

of the action

Single variable
Confinement scale: k~ 0.5 GeV



de Teramond, Dosch, sjb

AdS/QCD
Soft-Wall Model

_ k2%
e‘P(Z) — e Z C2=a:(1—a:)bi

Light-Front Holography

[~ &, - 24 L U(Q]9(C) = M2(C)

Light-Front Schrodinger Equation
UC) = k*C?+2x*(L+ S —1)

Conformal Symmetry

of the action

Single variable
Confinement scale: k~ 0.5 GeV



de Teramond, Dosch, sjb

AdS/QCD
Soft-Wall Model

Light-Front Holography
2 _2

2 = et

[~ &, - 24 L U(Q]9(C) = M2(C)

Light-Front Schrodinger Equation  Unique
4 ~2 2 Confinement Potential!
U{) =rk"¢C"+2x°(L+ S —1)

Coniormal Symmetry

of the action

Single variable
Confinement scale: k~ 0.5 GeV



de Teramond, Dosch, sjb

AdS/QCD
Soft-Wall Model

Light-Front Holography

2 _2

[— 4 - A L U(Q]Y() =

Light-Front Schrodinger Equation Unique

Confinement Potential!
UQ) =r*C+22(L+S-1) €
Conformal symmetry

of the action

Single variable
Confinement scale: k~ 0.5 GeV

Mass Scale can appear in Hamiltonian and EQM

® deAlfaro, Fubini, Furlan: without affecting conformal invariance of action!



de Teramond, Dosch, sjb

AdS/QCD
Soft-Wall Model

Light-Front Holography

2 2
eP(2) — ptr"2 > _

[— 4 - A L U(Q]Y() =

Light-Front Schrodinger Equation  Unique
4 ~2 2 Confinement Potential!
U)=r"C"+2r“(L+85—-1)

Conformal Symmetry

of the action

Single variable
Confinement scale: k~ 0.5 GeV

Mass Scale can appear in Hamiltonian and EQM

® deAlfaro, Fubini, Furlan: without affecting conformal invariance of action!

GeV units external to QCD: Only Ratios of Masses Determined
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Meson Spectrum in Soft Wall Model

Effective potential:

LF WE

d?
-

Normalized eigenfunctions

Eigenvalues

2o

U(C?) = K¢ + 26%(J — 1)

1 —4L?

(¢|¢) =

o+ R 262 - 1)) 65(¢) = M265(¢)
[ dc 62(2)
6n,L(C) = K'TE \/(nzf!L)z (/e R LL (K¢
Mz L—4n (n | J;L>

(1—x)

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



Meson Spectrum in Soft Wall Model

Dilaton profile ¢(2) =

Effective potential:

LF WE

d?
-

Normalized eigenfunctions

Eigenvalues

2o

-|—rs:222

2 — (

U(C?) = K¢ + 26%(J — 1)

1 —4L?

(¢|¢) =

o+ R 262 - 1)) 65(¢) = M265(¢)

[ d¢ ¢%(2)

n+L)!

bn,1(C) = £1TE \/ ( S (UL 2L (2

(1—x)

. ‘ J + L
M gL = 4K’ (n | ; )

G. de Teramond, H. G. Dosch, sjb
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Effective potential:
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-

Normalized eigenfunctions

Eigenvalues
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-|—rs:222

2 — (

U(C?) = K¢ + 26%(J — 1)
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(¢|¢) =

o+ R 262 - 1)) 65(¢) = M265(¢)
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Meson Spectrum in Soft Wall Model
My =01 myg =0

Dilaton profile ¢(2) =

Effective potential:

LF WE

d‘z
-

Normalized eigenfunctions

Eigenvalues

2o

1

+rs:2z2

2 — (

U(C?) = K¢ + 26%(J — 1)

— 4L

(¢|¢) =

o+ R 262 - 1)) 65(¢) = M265(0)

[ d¢ ¢%(2)

n+L)!

bn,1(C) = £1TE \/ ( S (UL 2L (2
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G. de Teramond, H. G. Dosch, sjb
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Meson Spectrum in Soft Wall Model

My =01 m;=0

Dilaton profile ¢(z) =

Effective potential:

LF WE

Massless pion!

+K222 2 — (
U(¢?) = k*C? +26%(J — 1)
1 — 4L

d?
(ic

Normalized eigenfunctions (¢|@) =

Eigenvalues

2o

ez TRC (T - 1)) 65() = M*¢5(¢)

[d¢¢?*(2)? =1

n+L)!

bn.r(C) = 1+L \/ ( 2n! Cl/2+Le—n'2C2/2 Lg(nzcg)

(1—x)

M2 L—4n (m J+L)

2

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



Meson Spectrum in Soft Wall Model

My =01 m;=0

Dilaton profile ¢(z) =

Effective potential:

LF WE

+m2z2

U(¢?) =

Massless pion!

Pion: Negative term for J=0 cancels positive
terms from LFKE and potential

K% 4 2k%(J — 1)

1 —4L?

d?
(ic

Normalized eigenfunctions (¢|@) =

Eigenvalues

2o

ez TRC (T - 1)) 65() = M*¢5(¢)

[d¢¢?*(2)? =1

bn.r(C) = 1+L \/ ( 2n! Cl/2+Le—n'2C2/2 Lg(nzcg)

(1—x)

n+L)!

J+ L
M gL = 4K’ (n | ; )

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



Uniqueness of Dilaton

Sﬁp(z) = K" 2"

pion is massless in chiral limit iff

p=2!

® Dosch,de Teramond, sjb



K,(1770)

a,4(2040)
f,(2050)

- K*(892)

1 1

K3(1780)

Ki(2045)

"¢(1§20)

n=1

0

M?*(n,L,S) = 4k*(n+ L + S/2)

4 0

Equal Slope inn and L




K,(1770)

a,4(2040)
f,(2050)

- K*(892)

1 1

K3(1780)

Ki(2045)

"¢(1§20)

n=1

0

M?(n,L,S) =4k*(n+ L + S/2)

4 0

Equal Slope inn and L




De Téramond, Dosch, sjb My = mgq = 46 MeV, m; = 357 MeV

' 2 a . .
M?* = Mg + <X ] _ from LF Higgs mechanism

T

Effective mass from m(p?2 Roberts, et al.



Prediction from AdS/QCD: Meson LFWF

de Teramond,
Cao, sjb

“Soft Wall”

model

massless quarks

41 ___ k1 :i —
wM(fU,kJ_) — li\/x(l _x)e 2k“z(1—x) ¢W(x) Sﬂfﬂ\/x(]. :13)

fr = \/pqq-gn = 92.4 MeV Same as DSE! c.D.Robertsetal.




Prediction from AdS/QCD: Meson LFWF

SAE ez de Teramond,
Cao, sjb
k2 “ ”
Yy (z, kT Soft Wall
model
Note coupling
2
ki, x massless quarks
2 4
47 k] __
x, k)= 2k2z(1—2) qbw(a:) — —fﬂ\/a:(l o 37)
V(2 k) ky/o(1 — a:)e S

fr = \/qugn = 92.4 MeV Same as DSE! c.D.Robertsetal.



Prediction from AdS/QCD: Meson LFWF

e?(?) = etr2 de Teramond,
Cao, sjb
v (z, k9 “Soft Wall”
model
Note coupling
2
ki, x massless quarks
2 4
47 _ k] _ —
k)= it 6n(3) = e fry/2(1 — 2)
V(e kL) ky/o(1 — ) 3T

3
fr = \/qu%m = 92.4 MeV Same as DSE! c.Dp.Robertsetal.
Provides Connection of Confinement to Hadron Structure



Prediction from AdS/QCD: Meson LFWF

2

e??) = etr 2 de Teramond,
Cao, sjb
v (z, k9 “Soft Wall”

model

Note coupling
2
ki,x

wM(xv kJ-) —

3
fr = \/qu%m = 92.4 MeV Same as DSE! c.Dp.Robertsetal.
Provides Connection of Confinement to Hadron Structure



Hadron Distribution Amplitudes

d(x;, Q) = I_I fQ dsz_ wn(%ku)

* Fundamental measure of valence wavefunction
e Gauge Invariant (includes Wilson line)

e Evolution Equations, OPE

* Conformal Expansion

e Hadronic Input in Factorization Theorems

Lepage, SJB
Efremov, Radyushkin



ERBL Evolution of Meson Distribution Amplitude

| Lepage, SJB
o 0 ~, Efremov, Radyushkin
xlsz aQZ qb(xi’ Q)

| 2 1 - |
:CF’QZ(? ){ £ [dy]v(xi: yi)é(yi: Q)

— X1X2 4; (xi3 Q)}a

where

o L
Vix;, ) =2 {xsz(m - X1) (5;,1;“;2' + m‘)

. +(1---2)]

lim,_, o Py, 0% — Cx(1 — x)



PRL 109, 081601 (2012) PHYSICAL REVIEW LETTERS

week ending
24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction
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Holographic Mapping of AdS Modes to QCD LFWFs

Drell-Yan-West: Form Factors are
e Integrate Soper formula over angles: Convolution of LFWFs

F) =2 [ 4o 02 [gacn (cq\/m) Az, ),

with p(z, ) QCD effective transverse charge density.

e Transversality variable

¢ = /z(1 - a)b?

e Compare AdS and QCD expressions of FFs for arbitrary () using identity:

1 1l —2x
/Oda:J()(CQ " >=CQK1(CQ),

the solution for J(Q, () = CQK1({Q) ! de Teramond, sjb

|dentical to Polchinski-Strassler Convolution of AdS Amplitudes



Holographic Mapping of AdS Modes to QCD LFWFs

Drell-Yan-West: Form Factors are
e Integrate Soper formula over angles: Convolution of LFWFs

F(q%) =27T/01d33 1-2) /gng()(gq\/m) p(z, ),

with p(z, ) QCD effective transverse charge density.

e Transversality variable

¢ = /z(1 - x)b?

e Compare AdS and QCD expressions of FFs for arbitrary () using identity:

1 1l —2x
/Oda:J()(CQ " >=CQK1(CQ),

the solution for J(Q, () = CQK1({Q) ! de Teramond, sjb

|dentical to Polchinski-Strassler Convolution of AdS Amplitudes
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Pion EM Form Factor

Pion form factor compared with data

Truncated at twist-t = 4

Fﬂ-(t) — CzFTzz(t) + (]. — CQ)FT:4(t)

s (GeV?)

G.F. de Téramond and S.J. Brodsky, Proc. Sci. LC2010 (2010) 029.
S.J. Brodsky, G.F. de Téramond, H.G. Dosch, J. Erlich, Phys. Rep. 584, 1 (2015). [Sec. 6.1.5]



The Pion’s Valence Light-Front Wavefunction

e Relativistic Quantum-Mechanical Wavefunction of the
pion eigenstate

* Independent of the observer’s or pion’s motion
* No Lorentz contraction; causal

® Confined quark-antiquark bound state

X,kJ_

T

l—x,—kl

VY (x, k)



The Pion’s Valence Light-Front Wavefunction

e Relativistic Quantum-Mechanical Wavefunction of the
pion eigenstate fpyQCD 7> = m2 |7 >
LF 4

* Independent of the observer’s or pion’s motion
* No Lorentz contraction; causal

® Confined quark-antiquark bound state

X,kJ_

T

l—x,—kl

VY (x, k1)



The Pion’s Valence Light-Front Wavefunction

e Relativistic Quantum-Mechanical Wavefunction of the
pion eigenstate fpyQCD 7> = m2 |7 >
LF 4

W (x k) =<qx,kp)g(l —x, —ky)|n>
* Independent of the observer’s or pion’s motion

* No Lorentz contraction; causal

® Confined quark-antiquark bound state

X,kJ_

T

l—x,—kl

VY (x, k)



The Pion’s Valence Light-Front Wavefunction

e Relativistic Quantum-Mechanical Wavefunction of the
pion eigenstate fpyQCD 7> = m2 |7 >
LF 4

VY (k) =<q,k)g(d—x,—k)|m>

* Independent of the observer’s or pion’s motion
* No Lorentz contraction; causal

® Confined quark-antiquark bound state

X,kJ_

l—x,—kl




The Pion’s Valence Light-Front Wavefunction

e Relativistic Quantum-Mechanical Wavefunction of the
pion eigenstate fpyQCD 7> = m2 |7 >
LF 4

W (x k) =<qx,kp)g(l —x, —ky)|n>
* Independent of the observer’s or pion’s motion

* No Lorentz contraction; causal

® Confined quark-antiquark bound state

-

X,kJ_

N : l—x,—kl
lPﬂ(x, kJ_) Fixed T=t+ z/c



The Pion’s Valence Light-Front Wavefunction

e Relativistic Quantum-Mechanical Wavefunction of the
pion eigenstate fpyQCD 7> = m2 |7 >
LF 4

W, (5. k1) = < g k)G —x, = k)| 7> e

15

* Independent of the observer’s or pion’s motion .

0.1

* No Lorentz contraction; causal

0000000

® Confined quark-antiquark bound state

A
1
1
1
1

l—x,—kl

lPﬂ(x, kJ_) Fixed T=t+ z/c



e Light Front Wavefunctions: W, (z; EJ_, ;)
N\~ (2

off-shell in P~ and invariant mass ng

\Un(iB?;, EJ_ia )‘z)

“Hadronization at the Amplitude Level”

Boost-invariant LFWF connects confined quarks and gluons to hadrons



e Light Front Wavefunctions: W, (z; El- ;)
N\~ (2

off-shell in P~ and invariant mass ./\/lgq

“Hadronization at the Amplitude Level”

Boost-invariant LFWF connects confined quarks and gluons to hadrons



e Light Front Wavefunctions: 4
J wn(mza kJ_'ia )‘z)
off-shell in P~ and invariant mass ./\/lgq

“Hadronization at the Amplitude Level”

Boost-invariant LFWF connects confined quarks and gluons to hadrons



e Light Front Wavefunctions: 4
J wn(mza kJ_'ia )‘z)
off-shell in P~ and invariant mass ./\/lgq

Fixed T =t+ z/c

“Hadronization at the Amplitude Level”

Boost-invariant LFWF connects confined quarks and gluons to hadrons



S L.I'HOCD(NLO) == WRH2005
----- LFHQCD (NNLO) -——= ASV2010
0.4F * Conway et al.

p? =27 GeV?

1 1

0.0
0.0 (.2 0.4 0.6 0.8 1.0
£z

Comparison for xg(x) 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 y, =
1.14+0.2 GeV at NLO and the initial scale gy = 1.06+0.15 GeV
at NNLO.

Universality of Generalized Parton Distributions in Light-Front Holographic QCD

Guy F. de Te'ramond, Tianbo Liu,Raza Sabbir Sufian, Hans Giinter Dosch,Stanley J. Brodsky,and

PHYSICAL REVIEW LETTERS 120, 182001 (2018)
Alexandre Deur
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Remarkable Features of
Light-Front Schrodinger 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(C) = k*C*+2k*(L+ S — 1)




Remarkable Features of
Light-Front Schrodinger Equation

Dynamics + Spectroscopy!

® QCD scale appears - unique LF potential

® Relativistic, frame-independent

® 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(C) = k*C*+2k*(L+ S — 1)




Connection to the Linear Instant-Form Potential

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

Harmonic Oscillator U(¢) = k*¢? LF Potential for relativistic light quarks

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



QCD Lagrangian
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QCD Lagrangian

nf

1 A _
EQC’D = —ZTT(GMVGW/) + Z Z‘I’fDu’)’“‘Iff -+ Mf‘l’f

f=1 f=1

iDF =10 — gA*  GM =09 AF — 9V AF — g[AH, AY]

Classical Chiral Lagrangian is Conformally Invariant



QCD Lagrangian

nf

1 A _
Loop = —;Tr(G*Gp) + Y 0Dy ¥ + Mf\p ;

f=1 f=1

1 DF = 10 — gA“ GH = OF A — OY AP — g[AF, AY]

Classical Chiral Lagrangian is Conformally Invariant

Where does the QCD Mass Scale come from?
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1 DF = 10 — gA“ GH = OF A — OY AP — g[AF, AY]

Classical Chiral Lagrangian is Conformally Invariant

Where does the QCD Mass Scale come from?

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

nf

1 A _
Loop = = 7Tr(G* G) + Y 0Dy + Mf\p ;

f=1 f=1

1 DF = 10 — gA“ GH = OF A — OY AP — g[AF, AY]

Classical Chiral Lagrangian is Conformally Invariant

Where does the QCD Mass Scale come from?

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

Scale can appear in Hamiltonian and EQM

e deAlfaro, Fubini, without affecting conformal invariance of action!

Furlan:



QCD Lagrangian

nf

1 A
Loop = = 7Tr(G* G) + Y 0Dy + Mf\p ;

f=1 f=1

1 DF = 10 — gA“ GH = OF A — OY AP — g[AF, AY]

Classical Chiral Lagrangian is Conformally Invariant

Where does the QCD Mass Scale come from?

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

Scale can appear in Hamiltonian and EQM

e deAlfaro, Fubini, without affecting conformal invariance of action!

Furlan:
Unique confinement potential!



e de Alfaro, Fubini, Furlan (dAFF)

Cho(r) >= i () >

. H 4 oD + wk New term
=7 v W /
1 d? 4 — p?

2 dr?  x2 4

Retains conformal invariance of action despite mass scale!
duw —v? = k* = [M]*

Identical to LF Hamiltonian with unique potential and dilaton!

— o+ L H U0 = M)
U(C) = k*C+26*(L+ S —1)

® Dosch, de Teramond, sjb




dAFF: New Time Variable

2 2tw + v )

- VAuw — 12 VAuw — v2

¢ Identify with difference of LF time Ax:/P+
between constituents

7-

arctan (

e Finite range

¢ Measure in Double-Parton Processes

Retains conformal invariance of action despite mass

scale!



LFHQCD: Underlying Principles

® Poincaré Invariance: Independent of the observer’s Lorentz
frame: Quantization at Fixed Light-Front Time T

® Causality: Information within causal horizon: Light-Front

® Light-Front Holography: AdSs = LF (3+1)

z <> ¢ where (? = b2 z(1 — x)

® Introduce Mass Scale K while retaining the Conformal
Invariance of the Action (dAFF)

® Unique Dilaton in AdSs: e+"‘222
® Unique color-confining LF Potential U(¢?) = k*¢?

® Superconformal Algebra: Mass Degenerate 4-Plet:

(Meson qq < Baryon q|qq| <+ Tetraquark [qq||qq] J




Haag, Lopuszanski, Sohnius (1974)

Superconformal Quantum Mechanics

(0 =1 B=_ "= ;os
Y = %(01 —i0g), YT = %(01 + i09)
Q=vtl-0.+ 2] @t =vlo.+ L) s yta, 5t —yo

(Q,Q"} =2H, {5,857} =2K

(Q,StY = f—B+2iD, {Q*,S}=f— B —2iD

generates conformal algebra

HD|=iH, [H,K|=2iD, [K,D|=-iK
Q~vVH, S~VK




Haag, Lopuszanski, Sohnius (1974)

Superconformal Quantum Mechanics

(0 =1 B=_ "= ;os
V=501 —io2), ¥+ = (or+io)
Q=vtl-0.+ 2] @t =vlo.+ L) s yta, 5t —yo

(Q,Q"} =2H, {5,857} =2K

(Q,StY = f—B+2iD, {Q*,S}=f— B —2iD

generates conformal algebra

HD|=iH, [H K =2iD, [K,D]=-iK

@:\/ﬁ, Sﬁ\/E)
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LF Holography

Superconformal

Quantum Mechanics

4L4% — 1
(=32 +R'C + 26 (L + 1) + =P JUf = M0
4Lp+1)°—1, _ _
M?*(n,Lp) =4x*(n+ Lp +1) s=1/2, P=+
Meson Equation A\ = k2
414, — 1
(— 02 + K*¢* +26%(J — 1) A 222 Vs = M>p;

, , $=0, P=+
M*“(n,Ly) = 4k“(n + Lyy)
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$=0, I=1 Meson is superpartner of S=1/2, I=1 Baryon
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LF Holography

Superconformal

Quantum Mechanics

414 — 1
(=32 +R'C + 26 (L + 1) + =P JUf = M0
4Lp+1)°—1, _ _
M?*(n,Lp) =4x*(n+ Lp +1) s=1/2, P=+
Meson Equation A\ = k2
414, — 1
(— 02 + K*¢* +26%(J — 1) A 322 Vs = M>p;

, , $=0, P=+

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

Meson-Baryon Degeneracy for Ly=Lg+1
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LF Holography

Superconformal

Quantum Mechanics

4L% — 1
(—0¢ +Kk*'C* +26*(Lp + 1) sz )T = M3yt
4(Lp+1)*—-1, _ _
(— 0 +K*'C* + 2Kk*Lp A ( 3462) )b = M*y;
M?(n,Lg) =4k*(n+ Lp + 1) s=1/2, P=+
Meson Equation A = K?
A%, — 1
(— 02 + K*¢* +26%(J — 1) A 322 Vs = M>p;
, , $=0, P=+
M*=(n, L) = 4k“(n + L) Same H

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

Meson-Baryon Degeneracy for Ly=Lg+1



Superconformal

LF Holography Baryon LFWFs Quantum Mechanics

e Nucleon LF modes

"p-{-(C)n,L _ K2-I—L\/(n2_:’!L)'C3/2+L6—52C2/2L£+1 (n2c2)

"p— (C)n,L

1 2n! 22
34+L 5/2+L ,—K2C2/2 ] L+2 (2,2
K e K

\/n+L—|—2\/(n+L)!C n ()

e Normalization
/ dC 2 (¢) = / dC 2 (¢) =1

e Eigenvalues

fooo dg fol dWi(CQ, T) = fooo d¢ f()l dxyp? (<27 T) = %

1
JZ=+1/2:7[|S§=+1/2,LZ=O>+|S§=—1/2,LZ=+1>]
2

Nucleon spin carried by quark orbital angular momentum



Superconformal

LF Holography Baryon LFWFs Quantum Mechanics

e Nucleon LF modes

"p-{-(C)n,L _ K2-I—L\/(n2_:’!L)'C3/2+L6—52C2/2L£+1 (n2c2)

"p— (C)n,L

1 2n! 22
34+L 5/2+L ,—K2C2/2 ] L+2 (2,2
K e K

\/n+L—|—2\/(n+L)!C n ()

e Normalization
/ dC 2 (¢) = / dC 2 (¢) =1

e Eigenvalues

Quark Chiral

> d 1d:c 2(¢?%, x) = > d 1d5,; 2(C2, _ 1 Symmetry of
Jo 6 Jo degilCm) = Jomde Jo dep= (¢ m) = Eigenstate!

1
JZ=+1/2:7[|S§=+1/2,LZ=O>+|S§=—1/2,LZ=+1>]
2

Nucleon spin carried by quark orbital angular momentum



Superconformal

LF Holography Baryon LFWFs Quantum Mechanics

e Nucleon LF modes

Y+ (Onr = "‘2+L\/(n2+n!L>.<3/2+Le-“2<2/2L£+1 (+7¢?)

1 2n! 2 2
— 3+L 5/2+L _—k“(*/2 7 L+2 (,.2 /2

e Normalization

[avio = [ap20=1

e Eigenvalues

Quark Chiral

©de [Fdz? (¢2,2) = [°de [T deyp? (¢2,z) =1  Symmetry of
fo Cfo ¢+(C ) fo Cfo V=) 2 Eigenstate!

Nucleon: Equal Probability for L=0, |

1
JZ=+1/2:7[|S§=+1/2,LZ=O>+|S§=—1/2,LZ=+1>]
2

Nucleon spin carried by quark orbital angular momentum
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Same slope

.
N (1520) m2(1670)

b1(1235)
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Holography

Same slope

3-
N; (1520) 1,(1670)

b1(1235)
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Holography

Same slope

3—
N; (1520) 75(1670)

B

b1(1235) Universal slopes in n, L

7(140) L -

s
1 1 1 1 1 1 L 1 L 1 1 | 1 1 1 L 1 L 1 1 1 1 1 1 1 1 1 1 L 1 1
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Holography

Same slope




S{O o=l oolpi (o) n EIR@IET ([ BV CI E A Ble s\ (elaid  de Téramond, Dosch, Lorce, sjb
Holography

M2
4K2

M?(n,Lg) = 4k*(n+ L + 1) N;

N i+ (1680)
Same slope -

3-
N; (1520) 1,(1670)

b1(1235)
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Holography
YT
4 k2 ‘
M?(n,Lg) = 4k%(n+ Lp + ].))N;
5+
N> (1680)
Same slope . _

3-
N; (1520) 1,(1670)

b1(1235)

Meson-Baryon

Mass Degeneracy
for Ly=Ls+1
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Holography

M2
4K2

M?(n,Lg) = 4k*(n+ L + 1) N;

N2 (1680) :
Same slope 2 j
N 3_ (1520) 71,(1670)
N l_'*‘ (940) b1(1235)
2
m(140)
0 ' l l

Meson-Baryon

Mass Degeneracy
for Ly=Ls+1

M2

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



: 2 2
os M* (GeV?) ]
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L (Orbital Angular Momentum)
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Dosch, de Teramond, sjb
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Mesons Baryons
M?(n, Ly) = 46*(n + L) M?(n,Lg) = 4k%(n + Lp + 1)

K 05_.__"";-—.-—;——.__._____é___.__+___‘__4_+
k= 0.523 £0.024 GeV

0.1} :
Universal Mass Scale

Fit to the slope of Regge trajectories,

including radial excitations
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Mesons Baryons
M?(n, Ly) = 46*(n + L) M?(n,Lg) = 4k%(n + Lp + 1)

k= 0523 £0.024 GeV

0.3}

0.1} :
Universal Mass Scale

Fit to the slope of Regge trajectories,

including radial excitations
Same Regge Slope for Meson, Baryons in n and L:
Supersymmetric feature of hadron physics




Superconformal Algebra
2X2 Hadronic Multiplets

Bosons, Fermions with Equal Mass!
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Superconformal Algebra
2X2 Hadronic Multiplets

Bosons, Fermions with Equal Mass!

Meson Baryon
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Baryon Tetraquark
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Superconformal Algebra
2X2 Hadronic Multiplets

Bosons, Fermions with Equal Mass!

Meson Baryon

R}
° "O© R) 4 — [qq
© O 3¢ — 3¢

om, Lp+1  Ypy, Lp

Baryon Tetraquark

ONO. Rt
R! ¢ — [qq] O A
3c — 3¢

Y-, Lp+1  ¢r, Lp




Superconformal Algebra
2X2 Hadronic Multiplets

Bosons, Fermions with Equal Mass!

Meson Baryon

R}
¢ R! G — [qq]
O 30 — 30

¢vm, Lp+1  Ypy, Lp

Baryon Tetraquark

O 0O f OO
T - )
R, ¢ — [qq] O P
3c — 3¢

Yvp—, Lp+1  ¢r, Lp
Proton: lu[ud]> Quark + Scalar Diquark

Equal Weight: L=0, L=1



Superconformal Algebra 4-Plet

30 — 30 Vector ()+ Scalar [] Diquarks
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Superconformal Algebra 4-Plet

Vector ()+ Scalar [] Diquarks

JPC — 1++

a,(1260)



Superconformal Algebra 4-Plet

Vector ()+ Scalar [] Diquarks

Tetraquark
JPC — 1 +—

a,(1260)



Superconformal Algebra 4-Plet

30 — 30 Vector ()+ Scalar [] Diquarks

Tetraquark
JP C _ 1++

a,(1260)



Superconformal Algebra 4-Plet

30 — 30 Vector ()+ Scalar [] Diquarks

Tetraquark
JP C _ 1++

a,(1260)



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

® Poincare 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)



Meson

Baryon

Tetragquark

g-cont JPE) Name gecont JP Name g-cont JPE) Name

Ga 0 x(140)

qg 1% b (1235) (udlg (1/2)*  N(940) | [ud|fud] 0% fo(380)

M n(670) | fudg (1/2) Ny-(1535) |fudlad] 1 m(1400)
(3/2)- N;_ (1520) = (1600)

g 4*" a,(2040), f,(2050) | [galg (7/2)* A;.(1950) | [qql[ud] 3**  as(~ 2070)?

gs 0% K (495)
gs 1+ K, (1270) fudls  (1/2)*  A(1115) | [ud][sg] 0+ Kj3(1430)
gs 2 Ka2(1770) udls  (1/2)- A(1405) | [ud|(sg) 179  Ki(~ 1700)7

(3/2)~  A(1520)

g 0% K(495)
g 1) Ki(1270) lsale  (1/2)*  X(1190) | [sq|[sq] 0** aa(980)
fo(980)

K*(890

K3(1430)
e

B/2)

¥(1385)

K ,(1400)

g 40 kgems) | sl (1/2)¢ $00) | sl 34 Ks(~ 2070)7

EX 0- n(550)

s 1+ ha(1170) sqla  (1/2)* =(1320) | [sqllzgl 0+  fo(1370)
ao(1450)

s 2 m(1645) [sgla  (7)"  Z(1690) | [sqllzgl 1+  ®(1750)?

s ®(1020)

s 2 f(1525) | [sals  (3/2)° =(1580) | [sallsdl 1t fi(1420)

58 3 ,(1850) sgls  (3/2)- S(1820) | [sqllsg) 2— @(~ 1800)?

zs 2+ 72(1950) ssls (3/2)F Q(1672) | [ss)l3g) 17 Ka(~ 1700)7

Meson Baryon Tetraquark

New Organization of the Hadron Spectrum [JBNEEIEST




Universal Hadronic Decomposition

2

Mi (14 on+ L)+ (1 420+ L) + (20 + 45 + 2B — 2)
K

® Universal quark light-front kinetic energy

® Universal quark light-front potential energy

® Universal Constant Contribution from AdS
and Superconformal Quantum Mechanics

A./\/lﬁpm =2k°(L+2S+ B —1)
4
/
hyperfine spin-spin



Universal Hadronic Decomposition

2

Mi (1 420+ L)+ (1 420+ L) + (20 + 45 + 2B — 2)
K

® Universal quark light-front kinetic energy

Sfehels AM? e = K2(1 4+ 2n + L)

Virial
Theorem

® Universal quark light-front potential energy

® Universal Constant Contribution from AdS
and Superconformal Quantum Mechanics

AM?, = 2k*(L+2S+B—1)
4
/
hyperfine spin-spin



Universal Hadronic Decomposition

2

Mi (1 420+ L)+ (1 420+ L) + (20 + 45 + 2B — 2)
K

® Universal quark light-front kinetic energy
Equal: S==N 2 _ 2

LLILIEUM o Universal quark light-front potential energy

® Universal Constant Contribution from AdS
and Superconformal Quantum Mechanics

AM?, = 2k*(L+2S+B—1)
4
/
hyperfine spin-spin



Universal Hadronic Decomposition

2

Mi (1 420+ L)+ (1 420+ L) + (20 + 45 + 2B — 2)
K

® Universal quark light-front kinetic energy
Equal: S==N 2 _ 2
Virial » AMirke (1+2n+1)

LI R, ® Universal quark light-front potential energy

® Universal Constant Contribution from AdS
and Superconformal Quantum Mechanics

AM?, = 2k*(L+2S+B—1)
4
/
hyperfine spin-spin



Using SU (6) flavor symmetry and normalization to static quantities
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Spacelike Pauli Form Factor
From overlap of L =1 and L = 0 LEWFs
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Harmonic Oscillator
Confinement
Normalized to anomalous
moment

| k= 0.49 GeV
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SEs NNPDF3.0
0.6 [ sl MMHT2014
NN CT4

S, FHQCD (NNLO)
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p* = 10GeV?

rq(x)
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X

Comparison for xg(x) 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 y, = 1.06+0.15 GeV.

Universality of Generalized Parton Distributions in Light-Front Holographic QCD

Guy F. de Te'ramond, Tianbo Liu,Raza Sabbir Sufian,Hans Giinter Dosch,Stanley J. Brodsky,and Alexandre Deur
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Strange and Antistrange Distributions

Input: nonzero lattice axial form factor

Duality with | KA > meson-nucleon fluctuations

—— LFHQCD(massless) —— LFHQCD(massless)
—— LFHQCD(massive) 0.008} —— LFHQCD(massive)

zs(x) zs(x)

\\
S
SN~

~
\\
-

Phys. Rev. D 98, 114004 (2018).

R. S. Sufian, T.Liu, de Teramond, Dosch, Deur, Islam, Ma, sjb
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Supersymmetry across the light and heavy-light spectrum
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Supersymmetry across the light and heavy-light spectrum
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Heavy charm quark mass does not break supersymmetry



Superpartners for states with one c quark |

P —]

e —— —
Meson Baryon Tetraquark
g-cont JF©) Name g-cont JF Name g-cont JF©) Name

gc 0~ D(1870) - - - - - -

gc 1t D¢(2420) udle  (1/2)* A(2290) ludl[eg] 0t  Dy(2400)
gc 2 D;(2600) udle  (3/2)” A:(2625) ud|[eq] 1 —

cq 0~ D(1870) — — — — — —

cq 1t D;(2420) leqlg  (1/2)* Y0(2455) lcqllud] 0t Dy(2400)
gc 1~ D*(2010) — — — — - —

e 2 Di260) | (gg)c (3/2)  Z0) | (gl 1t D(550)
qc 3" D3(2750) | (gq)c  (3/2)"  X.(2800) | (qq)leg] — —

Sc 0~ D, (1968) — — — — — —

sc 1T D;1(2460) lgsle  (1/2)7 =c(2470) [gs][eg]  O0F  D%(2317)
sc 27 Dgo(~ 2860)7 | [gsle (3/2) =.(2815) sql[eq] 1~ —

Sc 1~ D*(2110) — — — — — —

sc 2" D% (2573) (sq)c  (3/2)* =r(2645) (sq)leg] 17 Ds1(2536)
cs 1t Dg(~2700)? | [es]s (1/2)" (2.(2695) lcs][sq] 07 ??

sc 27 Di(~2750)7 | (ss)e (3/2)7 2.(2770) (ss)[es] 17T ??

M. Nielsen, sjb
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Superpartners for states with one ¢ quark §

——————

e ———— —
Meson Baryon Tetraquark
g-cont JF©) Name g-cont JF Name g-cont JF©) Name

gc 0~ D(1870) - - - - - -

gc 1t D¢(2420) udle  (1/2)* A(2290) ludlleg] 0t Dg(2400)
gc 2” D;(2600) udle  (3/2)” Ac(2625) ud|[eq] 1 —

cq 0~ D(1870) B — — — —

&g 1t 2420) | [cqlg (1/2)t  S.(2455) | [cqllad] Ot  Dg(24000
gc 1~ D*(2010) — — — — — —

qe 2t D5(2460) | (gq)c (3/2)F 22(2520\ (gg)leg) 17 D(2550)
ge 3 D3(2750) | (gq)c  (3/2)~  X.(2800) \ | (gq)[cq) — —

sc 0- D,(1968) — — — N — — —

Sc 1 D;1(2460) lgsle  (1/2)7 =c(2470) \%{;3] [eg] 0t D%(2317)
sc 27 Dgo(~ 2860)7 | [gsle (3/2) =.(2815) gllegl 17 —

Sc 1~ D*(2110) — — — — — —

sc 27T D3 (2573) (sq)c  (3/2)F =r(2645) (sq\leg] 17 Ds1(2536)
Cs 17 Dy(~2700)? | [es]s (1/2)F Q,.(2695) cs][§g]  0F ??

sc 2t D(~2750)7 | (ss)e  (3/2)F Q.(2770) (ss)e 17 ??

\

M. Nielsen, sjb

beautiful agreement!
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Superpartners for states with one ¢ quark §

——————

 ese—— ==
Meson Baryon Tetraquark
g-cont JF©) Name g-cont JF Name g-cont JF©) Name
ge 0 D(1870) — — — — — —
ge 1t D;(2420) | [udle (1/2)t  A.(2290) | [ud][cg) Ot  Dg(2400)
ge 2" D;(2600) | [udle (3/2)~  A.(2625) | [ud]fcg] 1 .
cq 0~ D(1870) — — — —_— —
&g 1t 2420) | [cqlg (1/2)t  S.(2455) | [cqllad] Ot  Dg(24000
gc 1~ D*(2010) — — — — — —
ge 27 D3(2460) | (gq)c (3/2)7 22(2520\ (gg)leg] 17 D(2550)
ge 3 D3(2750) | (gq)c  (3/2)~  X.(2800) \ | (gq)[cq) — —
sc 0- D,(1968) — — — N — — —
Sc 1+ Ds1(2460) | [gsle  (1/2)F  =.(2470) \gs] gl 0t D%(2317)
Sc 2” s2(~ 2860)79 [gslc  (3/2)” =(2815) qlleg) 17 —
sc 1- D*(2110) — — — — — —
sc 27T Mc (3/2)F =r(2645) (sq\leg] 17 Ds1(2536)
és 1t ) [es]s\ (1/2)"  Q.(2695) cs][§g]  0F ??
sc 2+ Tes)e \3/2)* Q.(2770) (ss)e 17 ??
\
\predictions beautiful agreement!

M. Nielsen, sjb
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Supersymmetry across the light and heavy-light spectrum
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Heavy bottom quark mass does not break supersymmetry



Heavy-light and heavy-heavy hadronic sectors

e Extension to the heavy-light hadronic sector

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

e 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)]

e Extension to the isoscalar hadronic sector

[L. Zou, H. G. Dosch, GdT,S. J. Brodsky, arXiv:1901.11205 [hep-ph]]
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Superconformal Algebra
2X2 Hadronic Multiplets

Bosons, Fermions with Equal Mass!
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Superconformal Algebra
2X2 Hadronic Multiplets

Bosons, Fermions with Equal Mass!

Meson Baryon

R}
° "O© R) 4 — [qq
© O 3¢ — 3¢

om, Lp+1  Ypy, Lp

Baryon Tetraquark

O O
RT
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Y-, Lp+1  ¢r, Lp




Superconformal Algebra
2X2 Hadronic Multiplets

Bosons, Fermions with Equal Mass!

Meson Baryon

R}
° "O© R) 4 — [qq
© O 3¢ — 3¢

om, Lp+1  Ypy, Lp

Baryon Tetraquark

ONO. Rt
R! ¢ — [qq] O A
3c — 3¢

Y-, Lp+1  ¢r, Lp




Superconformal Algebra
2X2 Hadronic Multiplets

Bosons, Fermions with Equal Mass!

Meson Baryon

R}
¢ R! G — [qq]
O 30 — 30

¢vm, Lp+1  Ypy, Lp

Baryon Tetraquark

O 0O f OO
T - )
R, ¢ — [qq] O P
3c — 3¢

Yvp—, Lp+1  ¢r, Lp
Proton: lu[ud]> Quark + Scalar Diquark

Equal Weight: L=0, L=1



Underlying Principles

® Poincaré Invariance: Independent of the observer’s Lorentz
frame: Quantization at Fixed Light-Front Time T

® Causality: Information within causal horizon: Light-Front

® Light-Front Holography: AdSs = LF (3+1)

z <> ¢ where (? = b2 z(1 — x)

® Introduce Mass Scale K while retaining the Conformal
Invariance of the Action (dAFF)

® Unique Dilaton in AdSs: e+"‘222
® Unique color-confining LF Potential U(¢?) = k*¢?

® Superconformal Algebra: Mass Degenerate 4-Plet:

(Meson qq < Baryon q|qq| <+ Tetraquark [qq||qq] J
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Use counting rules to identify composite structure

Lebed, sjb
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Use counting rules to identify composite structure

Lebed, sjb



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



Running Coupling from Modified AdS/QCD

Deur, de Teramond, sjb

e Consider five-dim gauge fields propagating in AdS5 space in dilaton background ¢(2) = k%22
1 1
6¢(Z) — 6+f‘6222 S = ~ /d4:c dz \fe‘P(z) G?
93
e Flow equation
1 1 (2,2
= e?®) or g5(z) =e™" % g5(0)
93 (2) g2(0)

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

e YM coupling a5(¢) = g%M(C)/47r is the five dim coupling up to a factor: g5(z) — gy ar(()

e Coupling measured at momentum scale ()

oA5(Q) ~ /0 CdC To(CQ) aA4S (¢)

e Solution
o ?5(Q%) = o *5(0) e/

AdS

where the coupling oz ™ incorporates the non-conformal dynamics of confinement



Running Coupling from Modified AdS/QCD

Deur, de Teramond, sjb

e Consider five-dim gauge fields propagating in AdS5 space in dilaton background ¢ (2) = Kk?z>
e?(2) — 6+"6222 S = —i /d4:c dz \/g e¥?) glgG'2
e Flow equation

2 = g o A=

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

e YM coupling as(¢) = g% ,,(¢)/4m is the five dim coupling up to a factor: g5(2) — gy as(¢)

e Coupling measured at momentum scale ()

oA5(Q) ~ /0 CdC To(CQ) aA4S (¢)

e Solution
o ?5(Q%) = o *5(0) e/

where the coupling afds incorporates the non-conformal dynamics of confinement



Bjorken sum rule defines effective charge Qg1 (Qz)

| dalo?(@.Q%) - gi" (. Q) = 2 2510

® Can be used as standard QCD coupling

® Well measured
® Asymptotic freedom at large Q2

® Computable at large Q2 in any pQCD
scheme

® Universal Bo, Bi



Analytic, defined at all scales, IR Fixed Point

] b
08 +
N aliS(Q)fn=e @/
as(Q) Y
T 06 {
----- Modified AdS 4 .. 3 Ii|
- AdS i\ k = 0.54 GeV
I§:
04 — + il
t,,/m (pQCD) X
o,/ world data i
------- GDH limit ¥ o,/ \t{i]
02| ¢ a/mOPAL ] | ‘
A o, /nJLabCLAS B
B o, /mHall A/CLAS Bl o 3o e
o - @ Lattice QCD (2004) (2007)
1 | | | oy C
10! ] 1
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AdS/QCD dilaton captures the higher twist corrections to effective charges for Q < 1 GeV

2_2
e = et ?

Deur, de Teramond, sjb



All-Scale QCD Coupling

02 —

N ElicXele M < — ().513 -

(Quark Confinement)

Transition scale Qo

Qo = 0.87

Deur, de Teramond, sjb

Fit to Bj + DHG Sum Rules:

- (0.007 GBV

Perturbative QCD
(Asymptotic Freedom)

0.08 GeV

| | I

1

10
Q (GeV)



0.2

Deur, de Teramond, sjb

All-Scale QCD Coupling

Nonperturbative QCD
(Quark Confinement)

Transition scale Qo

Qo = 0.87 £0.08 GeV

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

5-Loop B Prediction:

A = 0.339 + 0.019 GeV

Perturbative QCD
(Asymptotic Freedom)

| | I

1

10
Q (GeV)
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All-Scale QCD Coupling

Nonperturbative QCD
(Quark Confinement)

Qo = 0.87
1 I ! N R

Arg = 0.332

Perturbative QCD
(Asymptotic Freedom)

0.08 GeV

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

Prediction:
339 + 0.019 GeV

Experiment:

0.017 GeV

| | I

10 1

10
Q (GeV)



p— 2 Deur, de Teramond, sjb
Mp R All-Scale QCD Coupling

2K Fit to Bj + DHG Sum Rules:
LWLl — ().513 + 0.007 GeV

(Quark Confinement)

Prediction:
339 + 0.019 GeV

Experiment:
A7 = 0.332

Perturbative QCD
(Asymptotic Freedom)

0.017 GeV

\ = k2 oL Qo = 0.87 £ 0.08 GeV
! ! Lo | | ! ! L

10 1

L

10
Q (GeV)

Reverse Dimensional Transmutation!



All-Scale QCD Coupling

Deur, de Teramond, sjb

Fit to Bj + DHG Sum Rules:

3+ 0.007 GeV

Prediction:

- 0.019 GeV

0.017 GeV

my, = 2K
Nonperturbative QCD kK = 0.51
(Quark Confinement)
S 2
Ygq (Q ) 08
T 339 -
06 Experiment:
. Asrg = 0.332
Use Qo for starting
04 |- DGLAP and ERBL Perturbative QCD
Evolution (Asymptotic Freedom)
0.2
A= K2 ot Qo = 0.87 £ 0.08 GeV
L [ T l ! ! L Lo |
10° 1 10
Q (GeV)

Reverse Dimensional Transmutation!




™m,, = 2 K, ; Deur, de Teramond, sjb
p All-Scale QCD Coupling
mp = 2K Fit to Bj + DHG Sum Rules:
e CiicxeleP M 1~ — 0.513 + 0.007 GeV
(Quark Confinement)
S 2
019, (Q7) s Prediction:
T 339 £ 0.019 GeV
0.6 Experiment:
Asrs = 0.332 £ 0.017 GeV
. Use Qo for starting
04 | DGLAP and ERBL Perturbative QCD
Evolution (Asymptotic Freedom)
0.2 -
A= K2 ol Qo = 0.87 +0.08 GeV
10! | 1l | T

10
Q (GeV) —
Reverse Dimensional Transmutation! MS scheme




Running Coupling from AdS/QCD

S
a I A chlln DESY HERMES
= N o, /m CERN COMPASS
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A. Deur, S.J. Brodsky, G.F. de Téramond,

10

Q (GeV)

Bjorken sum rule:
6 1

ag, (Q°) _1_ 2

dz ¥ "(x, Q*
- ) 1 (7, Q)

Effective coupling in LFHQCD
(valid at low-0?)

a5 (Q?) = mexp (—Q/4+?)

Imposing continuity for a
and 1its first derivative

Phys. Lett. B 750, 528 (2015); J. Phys. G 44, 105005 (2017).

Analytic, defined at all scales, IR Fixed Point
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Proton Self Energy
Intrinsic Heavy Quarks

Probability (QED) Probability (QCD)

M2

M4

. , S —
Rigorous OPE Analysis ~ “°™"* f«‘.“ﬁ;ﬁ,‘;ﬁ‘:;‘;i‘f;e er, s}
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Proton Self Energy
Intrinsic Heavy Quarks

Probability (QCD)

. , A —
Rigorous OPE Analysis ~ “°™"* f«‘.“ﬁ;ﬁ,‘;ﬁ‘:;‘;i‘f;e er, s}
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Fixed LF time
Proton Self Energy :

Intrinsic Heavy Quarks

Probability (QCD)

. , s illis. Gunion. Mueller. sib
Rigorous OPE Analysis C"“‘“S’fl‘.“lﬁgg‘;fo?eta:e er, s}

Probability (QED) Mz

M4



Proton 5-quark Fock State :
Intrinsic Heavy Quarks

-

Use AdS/QCD LFWF

1/2 Minimal off-
shellness!

Probability (QED) Probability (QCD)

M4 M¢, "z
Collins, Ellis, Gunion, Mueller, sjb
Polyakov, et al.



Proton 5-quark Fock State :
Intrinsic Heavy Quarks

QCD predicts
Intrinsic Heavy Quarks

at high x!
—
Use AdS/QCD LFWF
2 1/2 Minimal off-
LQ X (mQ T kJ-) / shellness!

Probability (QED) Probability (QCD)

M4 Mg, 73
Collins, Ellis, Gunion, Mueller, sjb
Polyakov, et al.



Protor_1 5?quark Fock State : g — QO at low z: High M?
Intrinsic Heavy Quarks

QCD predicts
Intrinsic Heavy Quarks

at high x!
—
Use AdS/QCD LFWF
2 1/2 Minimal off-
L X (mQ T kJ—) / shellness!

Probability (QED) Probability (QCD)

M4 Mg, 73
Collins, Ellis, Gunion, Mueller, sjb
Polyakov, et al.



Fixed LF time

Protor_1 5?quark Fock State : g — QO at low z: High M?
Intrinsic Heavy Quarks

QCD predicts
Intrinsic Heavy Quarks

at high x!
—
Use AdS/QCD LFWF
2 1/2 Minimal off-
L X (mQ T kJ—) / shellness!

Probability (QED) Probability (QCD)

M4 Mg, 73
Collins, Ellis, Gunion, Mueller, sjb
Polyakov, et al.



Properties of Non-Perturbative Five-Quark
Fock-State

® Dominant configuration: mininum off-
shell, same rapidity

® Heavy quarks bave most of the LF

momentum 2 2
® Correlated with proton quantum
numbers

Fixed T=t+ z/c

® Duality with meson-baryon channels

® strangeness asymmetry at x > 0.1

® Maximally energy efficient
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Coalesece of comovers produces high xr heavy hadrons

High xr hadrons combine most of the comovers, fewest spectators

/\ gd::'_>Ac Vi (25, Eﬂ, Ai)
P —— S—S »C )

LFWF maximum at equal rapidity

P maximum at minimal invariant mass

X —> Asymmetries of leading hadrons
dN B
Spectator counting rules - x (1—zx F)2nspect 1
F

Coalescence of Comoving Charm and Valence Quarks
Produce J/y, A. and other Charm Hadrons at High xz

Jt :
aF Fermilab Stan Bro
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Colloguium Other Remarkable Features of Hadron Physics Db m
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Intrinsic Heavy Quark Contribution to Inclusive Higgs

Production
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interacts on nuclear front surface
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Hioh Kopeliovich,
281 XF Color-Opaque IC Fock state Schmidt, Soffer, sjb
interacts on nuclear front surface

Scattering on front-face nucleon produces color-singlet cc pair

Octet-Octet IC Fock State
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Hioh Kopeliovich,
281 XF Color-Opaque IC Fock state Schmidt, Soffer, sjb
interacts on nuclear front surface

Scattering on front-face nucleon produces color-singlet cc pair

Octet-Octet IC Fock State

No absorption of
\ small color-singlet
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Kopeliovich,

High xr Color-Opaque IC Fock state Schmidt, Soffer, sjb
Interacts on nuclear front surface

Scattering on front-face nucleon produces color-singlet cc pair

Octet-Octet IC Fock State
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Kopeliovich,

High xr Color-Opaque IC Fock state Schmidt, Soffer, sjb
interacts on nuclear front surface

de 4o (pA — J/pX) = A2/3 x de o (pN — J/pX)

Scattering on front-face nucleon produces color-singlet cc pair

Octet-Octet IC Fock State

JE :
3¢ Fermilab
- Supersymmetric Properties of Hadron Physics and
Colloquium Other Remarkable Features of Hadron Physics

November 6, 2019
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800 GeV p-A (FNAL) o,=0c,*A" M. Leitch
PRL 84, 3256 (2000); PRL 72, 2542 (1994)
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800 GeV p-A (FNAL) o,=0,*A" M. Leitch
PRL 84, 3256 (2000); PRL 72 2542 (1994)
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Violation of factorization in charm hadroproduction.
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NAGO pA data @ 158GeV
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Wk | d do
1 o (pA — J/pX) = AVLL 4 A2/37215

do/dx (nb)

Protons 200 GeV/c

Hard component dch/dx for incident protons (a) and pioms

F
(b) (the curves are the result of the fit described in the text.

Dashed line: gluon-gluon fusion; dash-dotted line : qa fusion;
full line : total).
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Excess beyond conventional PQCD subprocesses



5.0 , . 10.0
t | (a) "N=yy (b) TNy >
= N
225 4 F 4 50 3%
z I N | ..53
0.0 } / \ 0.0
8(-(c) pN-yy - (d) pN-=y
,gt = -{ 10 x’
N 4+ -~ o
> 3
3 2| - B 1° Z
0 L L 0
0.0 0.5 1.0 0.0 0.5 1.0
Xyy Xy

Fig. 3. The Y4/ pair distributions are shown in (a) and (c) for the
pion and proton projectiles. Similarly, the distributions of J/¢’s
from the pairs are shown in (b) and (d). Our calculations are
compared with the 77— N data at 150 and 280 GeV/c [1]. The
xyy distributions are normalized to the number of pairs from both
pion beams (a) and the number of pairs from the 400 GeV proton
measurement (c¢). The number of single J/¢’s is twice the number

of pairs.

NA3 Data

A — J/yJ /yX

R. Vogt, sjb

The probability distribution for a general n-particle
intrinsic ¢¢ Fock state as a function of x and k7 is
written as

dP
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pion and proton projectiles. Similarly, the distributions of J/¢’s
from the pairs are shown in (b) and (d). Our calculations are
compared with the 77— N data at 150 and 280 GeV/c [1]. The
xyy distributions are normalized to the number of pairs from both
pion beams (a) and the number of pairs from the 400 GeV proton
measurement (c¢). The number of single J/¢’s is twice the number

of pairs.
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Fig. 3. The Y4/ pair distributions are shown in (a) and (c) for the
pion and proton projectiles. Similarly, the distributions of J/¢’s
from the pairs are shown in (b) and (d). Our calculations are
compared with the 77— N data at 150 and 280 GeV/c [1]. The
xyy distributions are normalized to the number of pairs from both
pion beams (a) and the number of pairs from the 400 GeV proton
measurement (c¢). The number of single J/¢’s is twice the number

of pairs.
NA3 Data

Excludes "color drag’ model
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The probability distribution for a general n-particle
intrinsic ¢¢ Fock state as a function of x and k7 is
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pp — Ap(bud)B(bg) X at large xp

CERN-ISR R422 (Split Field Magnet), 1988/1991
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First Evidence for Intrinsic Bottom!
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Abstract

Another decay mode of the A,° (open-beauty baryon) state has been observed:
Ay’ - A" r . In addition, new results on the previously observed decay channel,
A° — pD°r’, are reported. These results confirm our previous findings on A.°
production at the ISR. The mass value (5.6 GeV/c?) is found to be in good agreement
with theoretical predictions. The production mechanism is found to be

“leading”.
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e IC Explains Anomalous a(xgp) not a(xs)
dependence of pA — J/yY X
(Mueller, Gunion, Tang, SJB)

e Color Octet IC Explains A2/3 behavior at
high xp (NA3, Fermilab)
(Kopeliovitch, Schmidt, Soffer, SJB)
Color Opaqueness
e IC Explains J/v — pm puzzle
(Karliner, SJB)

e IC leads to new effects in B decay
(Gardner, SJB)
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Observation of Feynman scaling violations and evidence for a new resonance at RHIC

L. C. Bland?, E. J. Brash®, H. J. Crawford®, A.A. Derevschikovd, K. A. Drees?, J. Engelage®, C. Folz?, E. G. Judd®, X. Li®?,
N. G. MinaevY, R. N. Munroe®, L. Nogachd, A. Ogawa?, C. Perkins®, M. Planinic!, A. Quintero!, G. Schnells-",
P. V. Shanmuganathan/, G. Simatovic"?, B. Surrow!, T. G. Throwe?, A. N. Vasilievd

, (AyDY Collaboration)*
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Evidence for T(1S) via its decay to three jets. (left pair) Inclusive for-
ward production from Cu+Au collisions overlayed with HIJING/GEANT simu-
lation. A 5.2¢ peak is observed in the data. Comparison is to PYTHIA/GEANT

p+p simulations at /s = 1200 GeV, using the Perugia 0 tune. (right) ~50 evi-
dence for forward pair T(1S) production. All Cu+Au distributions have vertical
axes scaled as 107 /Ny5.

AnDY at RHIC: Observe single and double T production at high rapidity




Cu+Au—dijets+X, Vs =200 GeV, E._>60 GeV

jet

c = 20 250<E,<260 GeV
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Figure 7: Dijet mass compared to a mixed-event analysis in the left column.
The right column forms the difference between data and mixed events, and com-
pares that difference to a simulation of the production of a resonance that decays
to jet pairs. All Cu+Au distributions have vertical axes scaled as 107 /Nyp.

AnDY at RHIC: Observe bbbb production at high rapidity




Hoyer, Peterson, Sakai, sjb
M. Polyakov, et. al

Intrinsic Heavy-Quark Fock States

T
R
. . . P B C —
Rigorous prediction of QCD, OPE u ({g 5 G
B G
Color-Octet Color-Octet Fock State! 22005 G
Probability g MLC% Poood ™ agPQQ Pez/p >~ 1%

Large Effect at high x

Greatly increases kinematics of colliders such as Higgs production
at high xr (Kopeliovich, Schmidt, Soffer, Goldhaber, sjb)

Severely underestimated in conventional parameterizations of
heavy quark distributions (Pumplin, Tung)

Many empirical tests (Gardener, Karliner, ..)
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Goldhaber, Kopeliovich, Schmidt, Soffer sjb

Intrinsic Charm Mechanism for Inclusive
High-Xr Higgs Production

pp — HX

V\\
-
S

S
A

Also: intrinsic strangeness, bottom, top
Higgs can have > 80% of Proton Momentum!

New production mechanism for Higgs at the LHC



Mike Albrow: Forward Hadron Spectrometer

n=y=0
n=> /
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For pp collisions at /s = 13 TeV, regions of low transverse momentum pr and all Feynman-x, xg,
showing lines of constant pseudorapidity 7). Protons with xz > 0.9 are measured in Roman pots, and neutral
particles in calorimeters around 0°. Identified charged hadrons have not been measured except at 1 < 4 at
LHCb, so most of this phase space is Terra Incognita.



Scheinbein, Yu, Keppel, Morfin, Olness, Owens

SLAC/NMC data

No anti-shadowing in deep inelastic neutrino scattering !

Non-Universal -- Quark Specific?
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| The one-step and two-step processes in DIS
Oon a nucleus.

Coherence at small Bjorken zp :
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| The one-step and two-step processes in DIS
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Coherence at small Bjorken zp :
1/Mxg =2v/Q? > Ly.

I If the scattering on nucleon N7 is via pomeron
| v exchange, the one-step and two-step ampli-
| tudes are opposite in phase, thus diminishing

q the g flux reaching No.

(b) Y g

N_,q —@= — Shadowing of the DIS nuclear structure
A

Diffraction via Pomeron gives destructive interference!

Shadowing



QCD Mechanism for Rapidily Gaps

Wilson Line: v(y) / ’ dx Ax)-dx v(0)
0

,.Y*
+_— Ly
q*=0 1r|,1 Bxg
-
(1-B)X
L
Xg oX~1 } Rap Gap
V

Reproduces lab-frame color dipole approach
DDIS: Input for leading twist nuclear shadowing



H. J. Lu, sjb

Schmidt, Yang, sjb

Nucleawr Anti-shadowing in QCD

Constructive Interference Flavor-Specific!

Amap A
R e
IR

Diffractive

Reggeon
Exchange

g

S —
Ny

Antishadowing (Reggeon exchange) iy not universal/

Reggeon coupling fixed from Kuti-Weisskopf: F; » ( z) — Foy, (I) ~ (Opl/2

Nuclear Anti-shadowing not included in nuclear LFWF !

Dynamical effect due to virtual photon interacting in nucleus
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' The one-step and two-step processes in DIS
on a nucleus.

\\ q’
>

Coherence at small Bjorken zp :
1/ Mzp =2v/Q? > L.

'
> v If the scattering on nucleon Ny is via permeren
q exchange, the one-step and two-step ampli-
(b) ‘_ﬁ tudes are eppostte-tr-phase—thuseHmtAishing:
B e = q ' '
v constructive Iin phase
_’A_ N, N, p

= thus increasing the flux reaching N>

Anti-shadowing




' T he one-step and two-step processes in DIS
on a nucleus.

\\ q’
>

Coherence at small Bjorken zp:
1/ Mzp =2v/Q? > L.

'
| . Regge
> v If the scattering on nucleon N is via perreren
q exchange, the one-step and two-step ampli-
(b) ‘_ﬁ tudes are eppostte--phase—thus-aHrtishing
B e = q ' '
— constructive in phase
_’A_ N, N, p

= thus increasing the flux reaching N>

Reggeon DDIS produces nuclear flavor-dependent anti-shadowing

Anti-shadowing




Reggeon
Exchange

Phase of two-step amplitude relative to one
step:

\%(1—@ xi=\}§(i 1)
Constructive Interference
Depends on quark flavor!
Thus antishadowing is not universal
Different for couplings of v*, Z0 W=

Critical test: Tagged Drell-Yan

€. .
aF Fermilab Stan Brodsky
. Supersymmetric Properties of Hadron Physicsand il od I VWV 4l & %
Colloquium Other Remarkable Features of Hadron Physics Db m NS/
No‘vember 6, 2019 NATIONAL ACCELERATOR LABORATORY




Shadowing and Antishadowing in Lepton-Nucleus Scattering

e Shadowing: Destructive Interference
of Two-Step and One-Step Processes
Pomeron Exchange

e Antishadowing: Constructive Interference
of Two-Step and One-Step Processes!
Reggeon and Odderon Exchange

Artichadowing is Not Uni ' Jian-Jun Yang
e Antishadowing is Not Universall! Ivan Schmidt

Electromagnetic and weak currents: Hung Jung Lu
different nuclear effects | sjib
Potentially significant for NuTeV Anomaly}
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Schmidt, Yang; sjb

Reggeon

Contribution to
DDIS

Constructive
Interference!

Phase from

signature factor

Nuclear Antishadowing not universal !
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Schmidt, Yang; sjb

Modifies
NuTeV extraction of

SiIl2 9W

Test in flavor-tagged
DIS at the EIC

Nuclear Antishadowing not universal !



, , , lllustrates the
" =0 q] =Q"=—¢q LF time sequence

Front-Face Nucleon N; struck Front-Face Nucleon N1 not struck

One-Step / Two-Step Interference
Study Double Virtual Compton Scattering v*A — v*A

Cannot reduce to matrix element o o
of local operator! No Sum Rules! Liuti, Schmidt sjb



S. Liuti, . Schmidet, sjb
Unlike shadowing, anti-shadowing from Reggeon exchange 1s flavor specific;

Each quark and anti-quark will have distinctly different constructive interference patterns.

The flavor dependence of antishadowing explains why anti- shadowing 1s 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 y-p—nX+with a rapidity gap due to I=1 Reggeon exchange

The finite path length due to the on-shell propagation of Vobetween N; and N, contribute

a finite distance (Az)2between the two virtual photons in the DVCS amplitude.

The usual “handbag” diagram where the two Ju(x) and Jv(0) currents acting on an uninterrupted
quark propagator are replaced by a local operator T w (0) as Q2 — o, 1s inapplicable in deeply

virtual Compton scattering from a nucleus since the currents act on different nucleons.

2 .
Az“ does not vanish as é

OPE and Sum Rules invalid for nuclear pdfs



QCD Myths

® Anti-Shadowing is Universal
® ISI and FSI are higher twist effects and universal

® High transverse momentum hadrons arise only
from jet fragmentation -- baryon anomaly!

® Heavy quarks only from gluon splitting
® Renormalization scale cannot be fixed
® QCD condensates are vacuum effects

® QCD gives 1042 to the cosmological constant

® Colliding Pancakes

2= Fermilab

Supersymmetric Properties of Hadron Physics and

Colloquium Other Remarkable Features of Hadron Physics
November 6, 2019




Invariance Principles of Quantum Field Theory

Polncare Invariance: Physical predictions must be
independent of the observer’s Lorentz frame: Front Form

® Causality: Information within causal horizon: Front Form

® Gauge Invariance: Physical predictions of gauge theories
must be independent of the choice of gauge

® Scheme-Independence: Physical predictions of
renormalizable theories must be independent of the

choice of the renormalization scheme —
Principle of Maximum Conformality (BLM-PMC(C)

® Mass-Scale Invariance:
Conformal Invariance of the Action (DAFF)

2= Fermilab

Supersymmetric Properties of Hadron Physics and

Colloquium Other Remarkable Features of Hadron Physics
November 6, 2019




Tony Zee
“Quantum Field Theory in a Nutshell”

Dreams of Exact Solvability

“In other words, if you manage to calculate mp it better come out pro-
portional to Agcp since Agep is the only quantity with dimension of mass
around.

Similarly for m,.

Put in precise terms, if you publish a paper with a formula giving m,/mp in
terms of pure numbers such as 2 and 7, the field theory community will hail
you as a conquering hero who has solved QCD exactly.”
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de Teramond, Dosch, Lorce, sjb

Tony Zee

“Quantum Field Theory in a Nutshell”
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Supersymmetric Properties of Hadron Physics and
Other Remarkable Features of Hadron Physics

Congratulations to Paul Mackenzie!
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Supersymmetric Properties of Hadron Physics and

Other Remarkable Features of Hadron Physics

Fixed T=t+ z/c
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