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Fit to the slope of Regge trajectories,
including radial excitations

Same Regge Slope for Meson, Baryons:
Subersvymmetric feature of hadron bhysics



Analytic, defined at all scales, IR Fixed Point
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Challenge: Compute Hadrow Structure;

Sbectiroscopy, and Dynawmics from QCD!

Color Confinement

® Origin of the QCD Mass Scale
® Meson and Baryon Spectroscopy

® Universal Regge Slopes: n and L for Mesons, Baryons,
Tetraquarks

® Almost Massless Pion: GMOR Chiral Symmetry Breaking
M2 f2 = —L(mutmg)(Gutdd)+O((my+ ma)?)

® QCD Coupling at all Scales aS(Qz)

® Eliminate Scale Uncertainties and Scheme Dependence

® Heavy Quark Distributions

_)
A OCD — l//,Il_I (Xl-, k 1Ljs /11) Valence and Higher Fock States



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 Teéramond, Dosch, Lorcé, sjb
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Need av First Approximation to- QCD
Comparable in simplicity to
Schrodinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining

Origin of hadronic mass scale

AdS/QCD
Light-Front Holography

Superconformal Algebr




P.A.M Dirac, Rev. Mod. Phys. 21,
392 (1949)
Dirac s Amaging Idea:
The “Front Form’

Evolve in light-front time!

\C[ o= cl — =z ACt T:t_I_Z/C

Evolve in ordinary time

Front Form

Instant Form

Comparing light-front quantization with instant-time quantization CW“J/, BO'Oé’t I rwowv” ba/Vlt ’

Philip D. Mannheim(Connecticut U.),
Peter Lowdon(Ecole Polytechnique, CPHT),

Stanley.J. BrodskySLAL) Trivial LF Vacuum (up to zero m
. e-Print: 2005.00109 [hep-ph] o (up to zero modes)
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Dirac: Front Form

Measurements of hadron LF |
wavefunction are at fixed LF time Fixed 7 =1+ z/c

k+
:ﬁ

Irwawriont under boosts! Independent of P

Like a flash photograph Ty = T



Bound States in Relativistic Quantum Field Theory:

Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=t+z/c

Fixed T=t+ z/c

w(zﬁ EJ_iv )\Z) L+ 0 4 3

: ~ p+  po p3
Invariant under boosts. Independent of P"

HZP [y >= M2y >

Direct connection to QCD Lagrangian

LF Wavefunction: off-shell in invariant mass

Remarkable new insighty from AdS/CFT, the duality
between conformal field theory and Anti-de Sitter Space



Light-Front Wavefunctions: rigorous representation of
composite systems in quantum field theory

Fixed T=t+4 z/c

tigevutate of LF Hamiltonioawn HQCD|\IJh >= M2|¥), >
p,J. >= an i ki Ny i, kg, A >
n—

Inwawriant under boosty! Imde/pe/nole/ntof?‘u

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



Lorce,

Light-Front VWavefunctions P . .
asquini

underly hadronic observables

Momentum space ki <z Position space

W (24, ki Aj) .

A Hgl

x, ky, by

Transverse density in position
space

Transverse density in
momentum space

Weak transition

form factors

Transverse
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Diffractive DIS from FSI
Sivers, T-odd from lensing  |CAMGEST]




Two-Definitions of Vacuuuwnw State

Instant Form: Lowest Energy Eigenstate of Instant-
Form Hamiltonian

H g >= Eplvg >, Eg = min{E;}

Ezigenstate defined at one time t over all space;
Acausal! Frame-Dependent

Front Form: Lowest Invariant Mass Eigenstate of Light-Front
Hamiltonian
Hrrlo >rr= Mglbo >rr, Mg =

Frame-independent eigenstate at fixed LF time T = t+z/c
within causal horizon

Frame-independent descriptiovw of the causal physical universe/



5-Dimensional Confinement
~— Anti-de Sitter Radius
Spacetime

| AdS
W (X, Z) — 4 . 1 ﬁ/gf“"" Boundary
Changes in
physical
R\ , f length scale
AT /7 g -

x§¥ B\ mapped (o

_— 74 evolution in the

5th dimension z

4-Dimensional
—— Flat Spacetime
(hologram)

in collaboration with Guy de Teramond and H. Guenter Dosch



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

® Color Confinement in z
® Introduces confinement scale K

® Uses AdS;s as template for conformal
theory

Stan Brodsky Supersymmetric Features of Hadron Physics a'h F\-‘. v |
Superconformal Algebra RATOR LAJORATORY \ g
Bled Workshop o

and Light-Front Holography 7 July 2021
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Maldacena

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

R2 wwowton measure
ds* = — (ndatde” — dz?),———

T2
xt — Axt, 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 — N, 2> Az
2

x® = x,x": invariant separation between quarks

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

AdS/CFT



Holographic Mapping of AdS Modes to QCD LFWFs

Drell-Yon-West: Form Factorsy awe
e Integrate Soper formula over angles: Covwolutio 076 LFWFs

F(q*) = 27?/01 P /CdCJo (CQ\/E> p(z,¢),

with ,5(:13, C ) QCD effective transverse charge density.

e T[ransversality variable

¢ = \/ r(1l — :U)bi
e Compare AdS and QCD expressions of FFs for arbitrary () using identity:

1 1l —=x
/Od:cJo(CQ . )—CQKl(CQ),

the solution for J(Q, () = (QK1(CQ) ! de Teramond, sjb

Identical to-Polchinski-Strassler Covwolution of AdS Amplitudes



LF( 3+ 1) g A d/S 5 de Teramond, sjb
Light-Front Holographbic Dictionary

P(z,¢) = Va(l —2)¢2¢(()

(uR)? = L? — (] — 2)*

Light-Front Holography: Unique mapping derived from equality of LF
and AdS formuda for TM and grovitational current matrix elementy
ond identical equations of motiovw




[egp(z) _ 6—|—1<:222J Positive-sign dilaton * de Teramond, sjb

AdS Soft-Wall Schwiodinger Equatiow for
bound state of two- scalow constituenty:

A oe) = MPa()

dz? 42

U(z) = k*2* +2:*(L+ S — 1)

Derived from vawiatiow of Actiow for Dilaton-Modified AdSs
Identical to Single-Variable Light-Front Bound State Equation in (!

AR~ C:\/x(l—m)gi

Light-Front Holography



de Teramond, Dosch, sjb

Light-Front Holography

_ o t+r?27
690(2) — K™z <2 — ;13(1 ~ x)bi

[~ L 147 L U(0)]w(C) = MPY(C)

Light-Front Schrodinger Equation Unique
U(C)—NC —|—2li (L—I—S—l Confinement Potential!
Single variable ¢
Confinement scale: k~ 0.5 GeV

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




. Massless pion!
Meson Spectrum in Soft Wall Model

—0if —0 Piov Negative term for J=0 cancels
Mz = 1L'mg = positive terms fromv LFKE and potential

e

o Effective potential:  [J((?) = x*(? + 2k*(J — 1)
o LFWE

d? — 417
(~ia — “qa + R+ 2T 1)) 650 = M2s(0)

e Normalized eigenfunctions (d|¢) = [ d{ ¢?(2)? =1

¢n,L(C) — K‘,1+L \/(nzf}/)' <1/2+L6—52C2/2L7I{(K/2<2)

e Eigenvalues

M2 L—4n (m J+L)

2

C 2 bi T ( 1 — x) G. de Teramond, H. G. Dosch, sjb



Prediction from AdS/QCD: Meson LFWF

2
e??) = th7z 0.8'(:)660'40'2 de Teramond,
0.2 > Cao, sjb
0.15 o
s k) Soft Wall”
model
0.05] :

0

Note coupling
2
kY, x

4
wM (33, kJ_) — e
ky/o(1 — )
fr= \ﬁpqqgﬁ = 92.4 MeV Same as DSE! c.p.Robertsetal.
Provides Connection of Confinement to- Hadron Structure




el ) 1 s >
m, =2 MeV “ A 0 me = 95 MeV
mqg =5 MeV A .

DT >=|cd >

me = 1.25 GeV &

Bt >= |ub >
mb=4.2 GeV




Tianbo Liu, Raza Sabbir Sufian, Guy F de T eramond,

Hans Gunter Dosch, Alexandre Deur, sjb
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Fig: Orbital and radial AdS modes in the soft wall model for kK = 0.6 GeV .
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Light meson orbital (a) and radial (b) spectrum for k = 0.6 GeV.



De Teramond, Doschy, b my, = mg =46 MeV, mg = 357 MeV

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

T

Eﬁce(‘/t/l/\/@ WU ﬁ/O‘VVl/ Wl/( PZ) Roberts, et al.



Timelike Pion Form Factor from AdS/QCD

and Light-Front Holography
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Cornnectiow to-the Linear Instant-Form Potentic

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



Remowrkable Features of
Light-Front Schwédinger Equation
® Relativistic, frame-independent nvnamiﬂs + snectmscﬂnv!

® 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*+2:*(L+ S —1)

Stan Brodsky Supersymmetric Features of Hadron Physics
Bled Worksh op from Superconformal Algebra

and Light-Front Holography _ July 2021




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 (? = b (1 — x)

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

® Unique Dilaton in AdSs: 6"‘“222
® Unique color-confining LF Potential U ((*) = k*(?

® Superconformal Algebra: Mass Degenerate 4-Plet:

Stan Brodsky Supersymmetric Features of Hadron Physics f‘
from Superconformal Algebra
Bled Worksh op and Light-Front Holography 6 July 2021



Haag, Lopuszanski, Sohnius (1974)

Superconformal Quantum Mechanics

Q=vt-0:+ 1] QT =00+ 1) §—ure §* =y

(Q,QT}y=2H, {5,587} =2K

Q.Y = f—B+2D, {Q",S}=f—B—2iD

generates conformal algebra

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

‘Q:\/ﬁ, tSrzﬁ



de Téramond, Dosch, Lorce, sjb

LF Holography

Superconformal

Quantum Mechanics
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412, — 1
(—8g+/<;4<2_|_2/-12(J—1)} f@ )QbJ:MngJ
2 2 $=0, P=+
M=(n, Ly) = 46(n + L) Some K

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

Meson-Baryon Degeneracy for Ly=Lg+1



Superconformal Algebrav
2X2 Hadronic Multiplets
Bosons, Fermions withEqual Mauss!

Meson Baryon

RT
0O O
R\ q— [qq]
30 — 30
¢M ; Lp+1 ¢B+; Lp Tetraquark:
Baryon diquark + antidiquark

0O P 0O
Rl ¢ — [q] ® A\, e @

30%30

wB—7 LB + 1 ¢T7 LB
Proton: lu[ud]> Quark + Scalar Diquark

Equal Weight: L=0, L=1



S M.P?/V’OOV\fOVWW(J/ Quantum Mechoanics L Téramond, Dosch, Lorcé, sjb
Light-Front Holography

Q-+
N - (2200)
2

- M2 i n+ Ly Meson-Baryon
5 — Mass Degeneracy
MnUCleon n+tlp+l for Ly=Lp+1
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Universal Hadronic Decomposition

2
H—(1+2n+L)+(1+2n+L)+ (2L +4S + 2B — 2)

2

® Universal quark light-front kinetic energy

Virial
LG ® Universal quark light-front potential energy

BAM? oy = K2(1+ 2n+ L)
® Uhniversal Constant Contribution from AdS
and Superconformal Quantum Mechanics

AM?Z ., =2k°(L+2S+ B —1)
1

hyperfine spin-spin



Meson Baryon Tetragquark

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

Ga 0 x(140)

g 1 w28 | fde (2% NOW) |[udfad 0+ fa(980)
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(3/2)" A,-(1700)
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gs 0% K (49%)

gs 1) K,(1270) ludls  (1/2)*  A(1115) | [ud][sg] 0+  K3(1430)

gs 2719 K2(1770) ludls  (1/2)-  A(1405) | [ud|[sg] 17 Kj(~ 1700)?
(3/2)-  A(1520)

sg 0% K (495)

sg 1M K:(1270) lsale  (1/2)*  X(1190) | [sq|[sq] 0** ao(380)

fo(380)

5 1O K*(590)
([Tsa 220 kaas0) [ fsae (3/2)°  3(13%5) |[salladl 1) Ky(1400) | )
5g 30 K3(1780) [sqlg  (3/2)° E(1670) | [sqllagy 2 77 Ky(~T1700)7
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§s 3 $4(1850) [sgls  (3/2)- Z(1820) | [sqllzgl 2—  ®,(~ 1800)7

ss 2+ f2(1950) lssls  (3/2)t Q(1672) | [ss]lzg] 17D Ki(~ 1700)?

Meson Baryon Tetraquark




A = /{2 de Téramond, Dosch, Lorce, sjb

M, = Mg = 46 MeV, my, = 357 MeV

K R R R D SRR N Y
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Universal Mass Scale

Fit to the slope of Regge trajectories,
including radial excitations

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



Superconformal

LF Holography Baryon LFWFs Quantum Mechanics

e Nucleon LF modes

¢+(C)n’L — K2+L\/(n2—:2’!l/)'€'3/2+146/{2C2/2L?€j+1 (52C2)

1 2n! 2 -2
_3+L 5/24L,~r2C2/27 L42 (,.2 2
Y= (Onr . \/nJrLJrQ\/(n—l—L)!C c " (K ; )

e Normalization
/dcwi«) _ /dcw%@) 1

e Eigenvalues

- 1 o 1 o _1QW7</CWOLL
[22de [V day? (¢2,2) = [ dC [ da? (C2a) =L Symumetiy of
tigerstate/

Nucleon: Equal Probability for L=0, |

1
Jo=+1712: —[|S;=+1/2, L*=0>+ |5, =—-1/2, L*=+1>]
2

Nucleow spivw cawried by quark ovbital angular momentum




<p+ali*(0)|p >= 2p" F(¢?)

Interactiorv
Fixed T=t+4 z/c picture

Form Facltory arve

Overlaps of LFWFs

xa'ng_ _|_CTJ_

X4
- -_— ---‘---

(-—-

w(:piv EJ_Z)

struck k', =k + (1 —z)qL

Drell &Yan, West =, — .
Exact LF formula! spectators kJ_Z‘ =FKk1; —xiqL

Drell, sjb



txact LF Forwmla/far Poudi Form Factor
F o

=3 [ldz][a%k.] Zej = X Drell, sjb

1 / * /
[ — q_LwcTL*(CEz, k' ) (i kg, A) + q_chlb (@5, K5, Ag) thd (5, ks, )\z)]

k', =k —zq. K., =ki;+(1—z))q.

qr,, = q* T iq"

Must have A/, = +1 to have nonzero F5(q?)

Nongero- ProtonAnomalous Moment --
Nongero-orbital quark angular momentunmy




Underlying Principles

® Polincaré 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 (1 — x)

® Introduce mass scale K while retaining the Conformal Invariance

of the Action (dAFF) . G gent Mouss”
® Unique Dilaton in AdSs: eTh 2

® Unique color-confining LF Potential U(¢?) = w*¢?

® Superconformal Algebra: Mass Degenerate 4-Plet:

Stan Brodsky Supersymmetric Features of Hadron Physics
from Superconformal Algebra N
Bled Worksh op and Light-Front Holography 7 July 2021
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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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- /,,0" < //” DE 2460)
at " A 4«
D D*(2010)
2' 1 1 1 2' 1 1 1
0 1 2 3 0 1 2 3
Ly=Lg+1 Ly=Lg+1
Ep 2815 - //.
| () | ){ 3| @) 5,(2645),~
D.y 1(2536) //,/ Ec(2790) ,2/’/
L o 7D, 1(2460) o O D0573)
. S - ) pd
i Nk
e H pr2112)
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0 1 2 3 0 1 2 3

I,M — LB ~ 1 I.M — I'B ~ 1

Heavy charm quark mass does not break supersymmetry



Superpartners for states with one c quark |

P —]

_ eesese— —
Meson Baryon Tetraquark
g-cont JF©) Name g-cont JF Name g-cont JF©) Name
ge 0 D(1870) — — — — — —
ge 1% Di(2420) | [udle (1/2)*  A.(2290) | [ud][cg] O+t  Dg(2400)
ge 2= Dy(2600) | [udlc (3/2) = Ac(2625) | [ud][cq] 1 .
cq 0~ D(1870) — — — —_— —
&g 1t 2420) | [eqlg (1/2)F  T.(2455) | [cqllad] 0t  Dz(2400>
gc 1~ D*(2010) — — — — — —
ge 27 D3(2460) | (gq)c (3/2)7 22(2520\ (gg)leqg] 17 D(2550)
ge 3 D3(2750) | (gq)c  (3/2)~  X.(2800) \ | (gq)[cq) — —
sc 0- D,(1968) — — — N — — —
Sc 1t Dyg(2460) | [gsle (1/2)t  =.(2470) \%{;3] gl 0t D%(2317)
Sc 2” s2(~ 2860)73 [gslc  (3/2)” =(2815) qlleg) 17 —
sc 1- D*(2110) — — — — — —
sc 27" Mc (3/2)F =5 (2645) (sq\leg] 17 Ds1(2536)
és 1t ) [es]s\ (1/2)"  Q.(2695) cs][§g]  0F 77
sc 2t ) Bs)e \3/2)" Q.(2770) | (ss)[ey 17T ??
\
*predictions beautiful agreement!
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Supersymmetry across the light and heavy-light spectrum

M?

M?

Heavy bottom quark mass does not break supersymmetry

de Téramond, Dosch, Lorcé, sjb
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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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Ruwnwning Coupling from Modified AdS/QCD

Deur, de Teramond, sjb

e Consider five-dim gauge fields propagating in AdS5 space in dilaton background ¢(z) = k222
6¢(2) — 64—/46222 S = i/d4x dz \/§69"(z) 95 G2
e Flow equation

20 = g o B = B0

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

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

e Coupling measured at momentum scale ()

a5 / CACT(CQ) @S (¢)

e Solution

AdS

where the coupling o, ™ incorporates the non-conformal dynamics of confinement



Bjorken sum rule defines effective charge Qg1 (QQ)

/0 drlg (2, Q) — gi" (2, Q%)) = 2211

® Can be used as standard QCD coupling

® Well measured
® Asymptotic freedom at large Q2

® Computable at large Q2 in any pQCD
scheme

® Universal o, Bi



Runwning Coupling from AdS/QCD

=
5 ! F A o, /m DESY HERMES
) ~NU ¢ a,,/m CERN COMPASS B _] orken sum rule:
S NN O o/m SLAC E142/E143
b ¥ a_/m SLAC E154/E155 .
0.8 - \.\ o oczlht JLab RSS agl (Q2) —1_ E d p—n( QQ)
N | O o,/nCERN SMC = 9a /o g T
i \ Q : : .
- ¢ i Effective coupling in LFHQCD
I IEXy .
| <) (valid at low-02)
- Holographic QCD + Al
04 |- pQCD matching (201 .‘ 0
i Uy AdS 2 ( 2 2)
. )\ — P
—— This work ii“!ki e o, (Q°) = mexp (—Q°/4k
I * %3/75 i \!\!v» Vi !» Lil\
02| 0ty OPAL Hl | .
A oy /milabCLAS @008) TN | Imposing continuity for o
¥ /mILabCLAS Q0L - L \K and its first derivative
(@ o /nHall A/ICLAS | 17 |
0 1 1 1 1 1 L1 1 1 1 1 1 1 1 11
0" I 10
Q (GeV)

A. Deur, S.J. Brodsky, G.F. de Téramond,
Phys. Lett. B 750, 528 (2015); J. Phys. G 44, 105005 (2017).

Analytic, defined at all scales, IR Fixed Point



Bjorken sum I' ;P2 measurements

= B
3 = = |
F— i % pOCD leading twist g ! Qé O(gl/ﬂ: DESY HERMES
— . = @ " 0g/m CERN COMPASS
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Low Q?Z limit

At Q2= 0, a sum rule related to the

Bjorken sum rule exists: the Gerasimov-
Drell-Hearn (GDH) sum rule:

At Q2= 0, GDH sum rule:

= -k 2Q2
IM?2
“Nucleon
anomalous mnass
magnetic moment
= Q2= 0 constraints: 366 320

wr |
dQ>  4g, ~ M2 M, 2

0

=
~~
- 1
o
 —
=0

A. Deur

04

02

GDH limit

ocgl/rc Hall A/CLAS (2004)

a,,/m JLab CLAS (2008)
a,,/m JLab CLAS (2014)

o/t CLAS EG4 (2021 prelim.)]
o,/ Hall A/EG4 (2021 pr

0@ X< g >

¢

elim.

ocgl/n DESY HERMES
ocgl/n CERN COMPASS
ocgl/n SLAC E142/E143
ocgl/rc SLAC E154/E155
ocgl/n JLab RSS

O(gl/J'l: CERN SMC

Oy (T)/Tl: OPAL

K opy/m

1

10

Q (GeV)
First experimental evidence of nearly conformal behavior (1.e. no Q?-dependence) of QCD at low Q2.



T
0.6
0.4
0.2
HJ2 0

Deur, de Teramond, sjb

All-Scale QCD Coupling

_ Fitto Bj + DHG Sum Rules:
Nonperturbative QCD k= 0.513+0.007 GeV

(Quark Confinement)

Prediction:
AM—S = 0.339 £ 0.019 GeV

Experiment:
AM—S = 0.332 £ 0.017 GeV
Use Qo for starting

DGLAP and ERBL Perturbative QCD
Evolution (Asymptotic Freedom)

Qo = 0.87 4 0.08 GeV

| | ‘
10 1 10

Q (GeV)

Reverse Dimevsitonal Trovsmutation! MS scheme
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E 06 i
= | A4 CERNO
04l > SLACE

PAL

DESY HERMES

CERN COMPASS -

CERN SMC

Holographic §

”::;‘i ¢'-
) : »; A¢
42[E143 oM :

Model .

Hall AICLAS
JLab CLAS (2008)-
JLab CLAS (2014)

SLAC E154/E155 ,* 1
. JLab RSS o’ i
0.2+ B>  Fermilab Process 3}
A Independent -
. ap| Model > T T
0.0}~ = um .
0 0.05 0.1 1 10
k [GeV]

Process-independent strong running coupling

Daniele Binosi,! Cédric Mezrag,? Joannis Papavassiliou,® Craig D. Roberts,? and Jose Rodriguez-Quintero
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Using SU (6) flavor symmetry and normalization to static quantities




Spacelike Paudi Form Factor

From overlap of L =1 and L = 0 LEWF's

Harmonic Oscillator Confinement |
Normalized to anomalous '
moment

k = 0.49 GeV

G. de Teramond, sjb




=== NNPDF3.0
0.0 [ pemmm® MMHT2014
Sess CTUI4

=, LrHQCD (NNLO)

1? =10GeV?

zq(z)

0.2

00 7 L R N S Ll L1
10~ 10~3 1072 1071 10V

X

Comparison for x¢g(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 yy = 1.060.15 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
PHYSICAL REVIEW LETTERS 120, 182001 (2018)



Polarized GPDs and PDFs (HLFHS Collaboration, 2019)

e Separation of chiralities in the AdS action allows computation of the matrix elements of the axial current

including the correct normalization, once the coefficients ¢ are fixed for the vector current

e Helicity retention between quark and parent hadron (pQCD prediction): lim,_1 AQ(Q;) =1

q(z
: : : . A
e No spin correlation with parent hadron: lim,_,q % =
0.8 mmm This work (1) 1.0 —
B This work (1I) 1? = 5GeV? ;
— C_ 1 This work (Ill) 0.5 Aug /us Z3" A
= 0.61 NNPDFpol1.1 = ;
< 4 E06-014/EGT =
| Y E99-117/EG1 ~
- —~ 0.0 ' N T
§ U474 Eatb L = f mmm jhis work (Il)
o ¢ HERMES l* A <®]( - =7 This work (Ill)
— COMPASS | . i —+-r E06-014/EG1
S 0.2r | —0.51 Ad,/d; " E99-117/EG1
9 5 * EG1b
pe=5GeV ¢ HERMES

=107 10T 1 LT 02 02 06 08 10
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QCD Hidden-Color Hexadiquark in the Core of Nuclei

J. Rittenhouse West, G. de Teramond, A.S. Goldhaber, |. Schmidt, sjb

Urpo >; ud] [ud]|ud]|ud]|ud]|ud] >
mixes wit
He|lnpnp >

Increases alpha binding energy, EMC effects

Diquarks Can Dominate Five-Quark Fock State of Proton

p >= alludju > +||ud||ud|d >
J. Rittenhouse West, sjb (to be published)

Natural explanation why d(x) >> @(x) in proton



Gluon matter distribution in the proton and pion from extended holographic
light-front QCD

Guy F. de Téramond,! H. G. Dosch,? Tianbo Liu,? *
Raza Sabbir Sufian,*® T Stanley J. Brodsky,® and Alexandre Deur®

(HLFHS Collaboration)

(P17 P) = (P*P, + P,P") A@)

0.4} M = 1.057 GeV

AI(Q’)

Gluon gravitational form factor A9(Q?) of the pro-
ton (red) and the pion (blue). The dashed curves indicate
the uncertainty from the variation of A\; by £5%. The value
A9(0) corresponds to the momentum fraction carried by glu-
ons: 0.225 for the proton and 0.429 for the pion.




JLAB-THY-21-3454
SLAC-PUB-17612

Gluon matter distribution in the proton and pion from extended holographic
light-front QCD

Guy F. de Téramond,! H. G. Dosch,? Tianbo Liu,> *
Raza Sabbir Sufian,®?® T Stanley J. Brodsky,® and Alexandre Deur®

(HLFHS Collaboration)

6 dAI(t)
s) = A9(0) dt lt=0
<1y >,=0.34 fm <7y >x=031 fm

Momentum fraction carried by gluons in the proton:
A9(0), = 0.225

Momentum fraction carried by gluons in the pion:
A9(0), = 0.429

Compare with the gluonic radius

The pion’s electromagnetic radius is 0.657 fm

The proton’s electromagnetic radius is 0.833 fm




15.0
P NNPDF3.1 .
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Unpolarized gluon distribution in the proton (top
panel) and pion (bottom panel) from HLFQCD and compari-
son with global fits. The figures on left and right are the same
distributions with different scales for zg(x) and x to enhance

the view of the small and large-x regions respectively.
JLAB-THY-21-3454

SLAC-PUB-17612

Gluon matter distribution in the proton and pion from extended holographic
light-front QCD

Guy F. de Téramond,! H. G. Dosch,? Tianbo Liu,® *
Raza Sabbir Sufian,®® T Stanley J. Brodsky,® and Alexandre Deur®

(HLFHS Collaboration)



Longitudinal dynamics and chiral symmetry breaking in holographic light-front QCD

Guy F. de Téramond' * and Stanley J. Brodsky?: |

! Laboratorio de Fisica Tedrica y Computacional, Universidad de Costa Rica, 11501 San José, Costa Rica
2SLAC National Accelerator Laboratory, Stanford University, Stanford, CA 94309, USA
(Dated: April 18, 2021)

The breaking of chiral symmetry in holographic light-front QCD is encoded in its longitudinal
dynamics with its chiral limit protected by the superconformal algebraic structure which governs its
transverse dynamics. The scale in the longitudinal light-front Hamiltonian determines the confine-
ment strength in this direction: It is also responsible for most of the light meson ground state mass
consistent with the Gell-Mann-Oakes-Renner constraint. Longitudinal confinement and the break-
ing of chiral symmetry are found to be different manifestations of the same underlying dynamics
like in 't Hooft large No QCD(1 + 1) model.



Transverse and Longitudinal LF Confinement

Longitudinal contribution for nonzero quark mass
S.S. Chabysheva and J.R.Hiller,

Constraint: Rotational symmetry in

non-relativistic heavy-quark limit.



Transverse Confinement

( f 147 UL<<>) 6(C) = M2 6(0).

d¢? 4(7
Ul(/g) = N+ 20(J - 1). | (¢ =b72(1 — )
M3 (n,J, L) = 4X <n | ‘];L> ,
and eigenfunctions de Teramond, Dosch, sjb

¢n,L(C) _ )\(l—I—L)/Q\/ 277/' <1/2—|—L6—)\C2/2L£()\<—2)

(n+L)!




Longitudinal Confinement

m?2

v 1—qa: -Uj (@) | x(@) :]\4H2 X ()

U” (Q?) — —0'2855 (CE(l — Q?) 6’:,3) Li, Maris, Zhao,Vary

Uy =o°z(1 —x)z°
LT

lofte length z: conjugate to LF x = &=+ G.A. Miller, sjb

+ o+
- LF interaction in A" = 0 gauge

de Teramond, sjb

Same potential: t” Hooft Equation QCD(141) x5, oo



Longitudinal Confinement

Uy =o°z(1 —x)z°

(mq , 1%33) V(@) 4 gchP/O dx,x((a;)_—;g’)

0 = g\/TNc/3 = const,

2mq Qm(j

x(x) ~z77 (1—x)

Mg — g\/ﬂ'NC/3 (My +mg) + O((mu_l_ md)2)

GMOR relation de Teramond, sjb




Mg = U(mu‘|— md) + O((mu_l_ md)Q) 9

in the limit m,,,mq — 0. It has the same linear depen-
dence in the quark mass as the Gell-Mann-Oakes-Renner

(GMOR) relation

Mgfg — _%(mu‘|‘md)<ﬂu+czd> _I_O((mu‘l' md)Q)

where the “vacuum condensate” (Y1) = % (au+dd) plays
the role of a chiral order parameter. The same linear de-
pendence arises for the (3 4 1) effective LF Hamiltonian,
since the constraints from the superconformal algebra re-
quire that the contribution to the pion mass from the
transverse LF dynamics is identically zero.

Interpret < i) > as an in-hadron condensate

Roberts, Shrock, Tandy, sjb Roberts, Richards, Horn, Chang



Expand in complete orthonormal basis
Xz"ﬁ(a:) = Nmo‘/Z(l — 33)5/2P,§O"5)(1 — 2x).

M||2 = o° /01 dx X(ZE)( — Oz (x(1 — 2)0,)

F L @) = 03 €2k 0 ),

T 1l —x

where v4(k, a, 3) = i(oz + 684+ 2k)(24+ a+ B+ 2k), with
o =2m,/o and B =2m;/o.

Mode expansion
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Convergence of ground state meson masses with increasing s
The horizontal grey lines in the figure are the observed masses.



X(x)

Light-front distribution amplitudes X (x) for the m,
K, D and J/W¥ mesons: the red curve is the invariant mass
result, dot dashed black curves are individual modes in the
expansion (16), dashed blue curve represent the sum of modes
in the figure. Notice that the J/W result is well described by
the zero mode alone.



The Onset of Color Transparency
in Holographic Light-Front QCD

with Guy F. de Téramond



* QCD: Gauge theory properties and quantum coherence

® Small-size color dipole moment interacts weakly in nuclei



Color transparency fundamental prediction of QCD

q=(0,Q)

* Introduced by Mueller and Brodsky, 1982

~
~ N

p \\\\\\\\\ '
\\‘ P * Vanishing of initial/final state interaction of
hadrons with nuclear medium in exclusive

processes at high momentum transfer

e+ A—e +p+ X
 Hadron fluctuates to small transverse size (quantum mechanics)

* Maintains this small size as it propagates out of the nucleus (relativity)

* Experiences reduced attenuation in nucleus, color screened (strong force)

Holly Suzmila-Vance



Color transparency fundamental prediction of QCD

* Not predicted by strongly interacting

e+ A — e 4 D X, hadronic pict.ure - a.rises in picture of
e quark-gluon interactions
e  QCD: color field of singlet objects vanishes

as size is reduced

~
\\

Sol TN * Signature is a rise in nuclear transparency,
2N S p'
\\‘ T,, as a function of the momentum

transfer, Q2

1.0F--------Complete trapsparency .

Dirac Domain

04 (nuclear cross section)

TA —
A ON (free nucleon
cross section)

Holly Suzmila-Vance Two-Stage Color Transparency for Proton



Color Transparency

Mueller, sjb

Bertsch, Gunion, Goldhaber, sjb

do do

(€A —ep(A—1)) = Z—(ep—ep) at high momentum transfer

Fundamental test of gauge theory in hadron physics
Small color dipole moment interacts weakly in nuclei
Complete coherence at high energies

Many tests in hard exclusive processes

Clear Demonstration of CT from Diffractive Di-Jets
Explains Baryon Anomaly at RHIC

Small color dipole moment interacts weakly in nuclei



CLAS EO02-110 rho electro-production

Hall C E01-107 pion electro-production 7 0
P , . P A(e,e’p?)
A(e,e’'rr?)
0.75 5
A °C
1.2 B SFe |
[ *H 0.8 [
10 &« % @& * 3 Al | . z ________ . {
T T S
0.8 [~ 0.5 _”—,,-_r-‘.:-‘--‘--'--"{ i— - *,1-3 -
12¢ $ .|| o ‘ S _
I TRl § i F 2
- It S SR L :
§. L ! N A § 055" FMS Model — GKM Model
5 = - FMS Model (CT) --- GKM Model (CT)
E 0.6 *cu 0.4 §
. E +
ol e
$. ;.;;';‘.i.".".'...é--"_ __________ 0.3 '
0.2
0.3 | . .

Q? (GeV/c)?

B.Clasie et al. PRL 99:242502 (2007)
X. Qian et al. PRC81:055209 (2010)




P, (GeVi/c)
29 40 51 63 73 83 9.6

1
0.9 2c ® JLab 12 GeV
o 0.8 + (this experiment)
£ 0.7
5 O
S 0.6
2 05
S 04
= " | ¢ Bates — Glauber
03 4 SLAC -~ Glauber + CT(l, II, lll)
02 ' 5 JLab95/96 — Relativistic Glauber + CT
01 ' m JLab 99
]
% 2 4 6 8 10 12 14 16 18 20
Q° ((:‘neV/c)2

Ruling out color transparency in quasi-elastic '>?C(e,e'p) up to Q? of 14.2 (GeV /c)?
Hall C Collaboration



Leading-Twist PQCD Factorigatiow for
form factors, exclusive amplitudes Lepage, sjb
Y

baryon distribution
amplitude

ERBL Evolution

M= ”dwidyz¢F($¢,@)XTH(%%@)EW(%@)

Exclusive \ Scaling Laws

Counting Rules

1

1
< T >Nn_twist7'




“Counting Rules® Farrar and sjb; Muradyan, Matveev, Tavkelidze

do _F(t/s)
E(A—I-BHC—I—D)_

gNtot —2

Niot = NA +tNB+Nc +np

A C

n = twist T = dimension - spin

B D

€.g. Niot —2=na+np+nc+np—2=10 tor pp — pp

) d F (6
Predict: “(p4+p—ptp) = (Oom)
dt 810 S2




Best T

n=9.7x 0.5

Reflecty

. - do _ F(Ocm) — _ o —
Quawk-Cownting : 92 (pp — pp) = °% n=4x3-2=10
1 1 11 T 1 ] r 1T 11 I 1 L) 1 7T 11T
10730+ {10730
° 68°

109 |- 90° 75 oo

10732 1072

10733 41033
cm? S

_.10‘34

10730 <>

10739 - ~110~3

107321 38 10732

10-33- 4103

10-31. L1 11 ] W T | L1 L1 103+

s-+15 20 3040 60805—:-15 20 30 40 60 80 s—-15 20 3040 60 80

s(GeV?)

P.V. LANDSHOFF and J.C. POLKINGHORNE



Deuteron Photodisintegration & Dimensional Counting Rules

S 104 .. 30° = O <40° E— 40° = 9% <50°
| 2 | el 2
?‘) - “teen.. =329 F =128
@ 10 — ’.‘.O —_
\ — —
2 a
~ 104% 50° s@°‘”<6o 60° = 90 </0°
O i : 'o.
o
o  —2F o
10 = | | ] 7 h\‘q“r’\
10* Fiangg, 70° £ 0% <80° 80° = 05" <90°
i Xo=1.4 : 0... x;=1.05
10 —
10 90° = % <100° . 100° = 0> <110°
: X=1.25 F '.... X:=1.36
10 b - *
104— 0" =07 <1200 | .. 120° = 0% <130°
o o -... X%=1.68 |~ ..,... X=1.31
— — [ ]
" : \“«“\ - \"‘w\
104, 130° = 00 <140° | 140° = 0 <150°
= =126 F =1.37
o | - TV even,
o -
6 /7 8 910 6 7 8 910
s (Ge\/) s (Ge\/)

sho—249(A+B — C+D) =
Fatp—.c1p(Ocm)

s"499(yd — np) = F (8cu)
Nior — £ =—

(1+6+3+3)-2=11

Fp(Q*) ~ [g=]°



Scaling is a manifestation of asymptotically free hadron interactions

From dimensional arguments at high

energies in binary reactions: A — _— C

Brodsky and Farrar, Ph\ﬁ. Rev. Lett. 31 (1973) 1153
Matveev et al., Lett. Nuovo Cimento, 7 (1973) 719

Counting Rules:

2n —1
q(x) ~ (1 — x)<"tspect forx — 1 Exclusive-Inclusive Connection

Gribov-Lipatov crossing

F(Q?) ~ (&) D

49.(AB — CD) ~ ——1/5)

S (npartz'cipants

_2)

Nparticipants — A +np+nc+np

(1—zpR) (Qnspectators_ 1)
_2)

do_(AB — CX) ~ F(&/3)x

d3 p/E ( p%) (nparticipants

Counting Rules: Asymptotic Freedom and Underlying Conformal Symmetry of QCD



Drell-Yan-West Formula in Impact Space

Ll I / i, [ g 16751 - éxj) 5 ]Zn:lkw)

n =1

Z 6]'?70* (xi7 /J_ia )wn(ajz; kJ_@', )\)

— Z H /d.ij/deJ_] exp(2q.L - Z%bLJ> Vn xﬂ’blj)‘

n 1=1

2?21 Ly — 1 and ‘Z?:l bJ_Z' = 0.

position coordinate of the n — 1 spectators.



Universality of Generalized Parton Distributions in Light-Front Holographic QCD

Guy F. de Te'ramond, Tianbo Liu, Raza Sabbir Sufian, Hans Giinter Dosch, Alexandre Deur, SJB
(HLFHS Collaboration)

N, 2 4]

| 1t
F (1) :—B<r—1 ) N, = B(r - 1,1-a(0))

N =g =" — 0548 GeV 3~ 13 = 1—ar(t)

ar(t) = p Regge Trajectory



_d_[(Q?)
dQ
LA (2

Proton radius squared at Q% =0

. . . —9
Color Transparency is controlled by the transverse-spatial size a*

and its dependence on the momentum transfer Q? = —t :

Light-Front Holography:

For large Q2 :

The scale Q2 required for Color Transparency grows with twist 7



1
:/ dm/anLeiM’qu(x,aL)
0

Counting rules:

gr(x) oc (1 — )"~ = (1 — )*72

(@l (Q%))r — 4(TQ_2 2

Transverse size a| decreases with momentum transfer (), grows with the
number of spectators plus the internal orbital angular momentum L

Twist T=n + L




Transverse size depends on internal dynamics

Transparency controlled by transverse size



F(q*)

2

—1
n j=1

n—1
/diBj/deJ_j eXp(qu_’ ijbJ_]) ‘wn(xjablj)‘Q

71=1

Define mean transverse size as a function of x
fanJ_aiQ(xan_)
f anJ_Q(ajan_)

= < a‘(x) >=

Mean transverse size
as a function of Q and Twist




Transparency scale Q
increases with twist

0.5

Transparency controlled by transverse size ]

4

Light-Front Holography

d

(2l (Q%)) =

<32L(Q2)>T

proton
L=0, | average

F(Q?) dQ?

(Q2)

4(tr — 1)
Q*

\
/4

deuteron

.‘. ! |
0 10 20

2 2
0 GeV
Proton has equal probability for 7 =3 and 7 =4

e o e

30

S —

40



CLAS E02-110 rho electro-production

Hall C EO1-107 pion electro-production A ) 0
e,ep
) -+
A(e,e’'rt*)
0.75 5
A °C
1.2 B Fe ‘I‘
_ZH - E 0.8 —27A| -/',\' “,’
10 =& L ] ® + $_ T 1
0.65 * ; ‘_#____._ ..........................
0.5 [ T JPeet S . S
0.8 _12c ¥ 5,,.-.&-‘.:.-..‘.; --------- i i E’ - 4
cengrenm T s 2
*,—.::..‘.r ----- + """"" ; =
E‘0.6 - swmmmm————————— 0.4 2
g ' : : 1 L § 0551 FMS Model —  GKM Model
5 63 = - FMS Model (CT) --- GKM Model (CT)
£ 0.6 *°Cu 0.4 §
B
Wl O .
**i _________ 0.3 )
0.4 | T )
e
0.2
0.3 | . . _
4 Q? (GeV/c)?

B.Clasie et al. PRL 99:242502 (2007)
X. Qian et al. PRC81:055209 (2010)

2(Q? =4 GeV?) >,_o~< a2 (Q? = 14 GeV?2) >,_3~< a? (Q2 = 22 GeV?) >y~ 0.24 fm?

5% increase for T in '*C at Q? = 4 GeV'? implies 5% increase for T, at Q% = 18 GeV?




e Transverse-impact size dependence ont = —Q2 from expectation value of the profile function a(x)

_ fdmO(x)pT(:B,t)
<U(t)>7 o fdﬂ?pT(CC,t)

1 d 1
F,(t) thT(t) Y

|
=
T

|

Q
~
=

|
<
[

|

Q
=

with 1) the digamma function

e Forinteger twist 7 = NV

T7—1
1 1
RYVETG

e Atlarge values t = —(Q?

4(t — 1)

(a? (@) —

2
Q Qz Gey/2
e The Q2 required to contract all of the valence constituents of to a color-singlet domain of given trans-

verse size, grows as the number of spectators and depends also on the properties of the quark current



Transparency scale Q
increases with twist

(2l (Q%)) =

Light-Front Holography
Transparency controlled by transverse size [N

4 d

F(Q?) dQ?

(Q2)

4(tr — 1) |
Q>

<32L(Q2)>T ’

proton

deuteron

L=0, | average
e o o - ®
O 10 20 30 40
Q2C5eV2

5% increase for T, in 12C at Q% = 4 GeV? implies 5% increase for T}, at Q% = 18 GeV?



Color transparency fundamental prediction of QCD

* Not predicted by strongly interacting

e+ A — e 4 D X, hadronic pict.ure - a.rises in picture of
e quark-gluon interactions
e  QCD: color field of singlet objects vanishes

as size is reduced

~
\\

Sol TN * Signature is a rise in nuclear transparency,
2N S p'
\\‘ T,, as a function of the momentum

transfer, Q2

1.0F--------Complete trapsparency .

Dirac Domain

04 (nuclear cross section)

TA —
A ON (free nucleon
cross section)

Holly Suzmila-Vance Two-Stage Color Transparency for Proton



Two-Stage Color Transparency

14 GeV? < Q% < 20 GeV?

If Q2 is in the intermediate range, then the twist-3 state will propagate through
the nuclear medium with minimal absorption, and the protons which survive
nuclear absorption will only have L =0 (twist-3).

The twist-4 L = 1 state which has a larger transverse size will be absorbed.

Thus 50% of the events in this range of Q2 will have full color transparency
and 50% of the events will have zero color transparency (T = 0).

The ep — e'p’ cross section will have the same angular and Q2 dependence as
scattering of the electron on an unphysical proton which has no Pauli form factor.

Q? > 20 GeV?

However, if the momentum transfer is increased to Q2 > 20 GeV?2, all events will have
full color transparency, and the ep — e'p’ cross section will have the same angular and Q2

dependence as scattering of the electron on a physical proton eigenstate, with both Dirac
and Pauli form factor components.



Color Transparency and Light-Front Holography

* Essential prediction of QCD

* LF Holography: Spectroscopy, dynamics, structure

* 'Transverse size predicted by LF Holography as a function of Q
* ( scale for CT increases with twist, number of constituents

* Two-Stage Proton Transparency: Equal probability L=0,1

* No contradiction with present experiments

Q%(p) ~ 18 GeV? vs. Q3(m) ~ 4 GeV* for onset of color transparency in *C

Q2(d) ~ 40 GeV?



Measuremer o Cnawrnmv STrvcluwre - liCcLrov!

10~ , :

I

L FS | J.J. Aubert et al. [European Muon Collaboration], “Pro-
¢ X C(X7Q) uction Of Charmed Particles In 250-Gev Mu+ - Iron In-
-8 2 5§ g,: ot ractions,” Nucl. Phys. B 213, 31 (1983).
- Evidence for Intrinsic Charm
New Analysis:
= R.D. Ball, et al. [NNPDF Collaboration],
| N “A Determination of the Charm Content
7 7 S "
IC+ICR /7 / \ e of the Proton,
- N arXiv:1605.065 15 [hep-ph].
.,. ; Wj \ '._.‘-. | .
10'3_— ,'I /I | \ oGF / — ,
F _I' ,I \ +.31(IC+ICR) ] fhctorqf3o ! /
= .l ’I \ : Q
/
[ ’ ] \ -4 - ,Y*
NS A ]
il PGF \ [\ . ~_
-1 gluow splitting . > C
| (DGLAP) < = —
10-‘ | 1 I | 1 > d
00 01 0.2 03 0

X b
DGLAP / Photon-Gluon Fusion: factor of 30 too small
Two- Componenty (separate evolution):

C(.CE, QQ) — C(ZIZ‘, QQ)extrinSic + C(LE, Q2)intrinsic



Hoyer, Peterson, Sakai, sjb
S. Gardner, sjb

Proton Self Energy | e L time
Intrinsic Heavy Quawks

Probability (QED) M% . Probability (QCD) o Mlé
v
Rigorous OPE Analysis ~ “ I beon b "



Proton 5 -quawk Fock State :
Intrinsic Heavy Quarks

7

Use AdS/QCD LFWF

Probability (Q:

D) & = Probability (QCD)

g — QQ at low z: High M?

QCD predicty
Intrinvsic

Minimal off-
shellness!

1
2
MQ

Collins, Ellis, Gunion, Mueller, sjb

Polyakov, et al.



Coalesece of comovers produces high xr heavy hadrons

High xr hadrons combine most of the comovers, fewest spectators

Vi (x;, ko, i)

P
LFWF maximum at equal rapidity
maximum at minimal invariant mass
X —> Asymmetries of leading hadrons
dN _
Spectator counting rules e (1 — xp)?epect—1
LF

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

od |
Stan Br OdSky Supersymmetric Features of Hadron Physics The

from Superconformal Algebra

University of - et
ﬁg{g Kentucky and Light-Front Holography 19 April 2021




Barger, Halzen, Keung
* PRD 25 (1981)
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Hoyer, Peterson, Sakai, sjb
M. Polyakoy, et. al

Intrinsic Heowvy-Quawk Fock States
. LL{‘B >

C
R
Rigorous prediction of QCD, OPE - ;EQG gc
5 e
Color-Octet Color-Octet Fock State! G
Probability Fpg x MLC% Poooo ™ O‘EPQQ 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, ..)

Review: G. Lykasoy, et al



Properties of Now-Perturbative
Five-Quawk Fock-State

® Dominant configuration: mininum off-
shell, same rapidity

® Heavy quarks have most of the LF
momentum < xQ > \/mé n sz- Fixed 7 :t:-l-Z/c

® Correlated with proton quantum
numbers

QLI & &

® Duality with meson-baryon channels

[
v

® Strangeness, charm asymmetry at x > 0.1

sp(x) # 5p(x) cp(x) # Cp(@)



do/dx_ [fb]

50 —

40

w
o
]

N
o
]

10 -

Intrinvic Heovy Quowk Contribution to-
Inclusive Higgs Production

dcfc—"F(pp — HX)[fb]

LHC :\/s = 14TeV Eg ~ 09k,

Tevatron :1/s = 2TeV

0

- ~
~
| ' | ' | ' | ' | ' | ' | ' | ' | ' |

0,/8 080 082 084 086 088 090 092 094 096 0,98

X

F Goldhaber, Kopeliovich, Schmidt, sjb

Measure H — ZZ* — utu putu™.



Constraints on charm-anticharm asymmetry in the nucleon from lattice QCD

Raza Sabbir Sufian?, Tianbo Liu?, Andrei Alexandru®®, Stanley J. BrodskyY, Guy F. de Téramond®,
Hans Giinter Dosch!, Terrence Draper, Keh-Fei Liu¢, Yi-Bo Yang"

“Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA
b Department of Physics, The George Washington University, Washington, DC 20052, USA
“Department of Physics, University of Maryland, College Park, MD 20742, USA
4SLAC National Accelerator Laboratory, Stanford University, Stanford, CA 94309, USA
¢ Laboratorio de Fisica Teorica y Computacional, Universidad de Costa Rica, 11501 San José, Costa Rica
fInstitut fiir Theoretische Physik der Universitdit, D-69120 Heidelberg, Germany
§ Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506, USA
"CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China
Y jung

Abstract

We present the first lattice QCD calculation of the charm quark contribution to the nucleon electromagnetic form fac-
tors G M(QZ) in the momentum transfer range 0 < Q* < 1.4 GeV?. The quark mass dependence, finite lattice spacing
and volume corrections are taken into account simultaneously based on the calculation on three gauge ensembles in-
cluding one at the physical pion mass. The nonzero value of the charm magnetic moment pf, = —0.00127(38)stac(5)sys,
as well as the Pauli form factor, reflects a nontrivial role of the charm sea in the nucleon spin structure. The nonzero
G%(Qz) indicates the existence of a nonvanishing asymmetric charm-anticharm sea in the nucleon. Performing a non-
perturbative analysis based on holographic QCD and the generalized Veneziano model, we study the constraints on the
[c(x) — ¢(x)] distribution from the lattice QCD results presented here. Our results provide complementary information
and motivation for more detailed studies of physical observables that are sensitive to intrinsic charm and for future
global analyses of parton distributions including asymmetric charm-anticharm distribution.

Keywords: Intrinsic charm, Form factor, Parton distributions, Lattice QCD, Light-front holographic QCD,
JLAB-THY-20-3155, SLAC-PUB-17515



z|c(z) — c(x)]

0.003

LFHQCD
0.002 4 (LGTH+ Exclusive-Cornmection)
0.001 -
0.000 -
—0.001 -
—0.002 —r —————m —
102 101 100
XL

The distribution function x[c(x) — ¢(x)] obtained from the
LFHQCD formalism using the lattice QCD input of charm electro-
magnetic form factors GCE, M(Qz). The outer cyan band indicates an
estimate of systematic uncertainty in the x[c(x) — ¢(x)] distribution
obtained from a variation of the hadron scale . by 5%.



Strange and Antistrange Distributions

Input: nonzero lattice axial form factor

Duality with | KA > meson-nucleon fluctuations

0.010 0.010
QTS(CC) —— LFHQCD(massless) —— LFHQCD(massless) JZS(x)
0.008 —— LFHQCD(massive) 0.008 + —— LFHQCD(massive)
E 0.006
-y
= 0.004
0.002F 277 ~~~-

~
~ ~
~ ~
N~~ ~

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

R. S. Sufiawny, T.Liw, de Teramond, Doschy, Dewr, Islam, May, &




Challenge: Compute Hadrow Structure;

Sbectroscopy, and Dynamics fromw 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

® Almost Massless Pion: GMOR Chiral Symmetry Breaking

M2 f2 = —L(mutmg)(Gutdd)+O((my+ ma)?)

® QCD Coupling at all Scales aS(Qz)

® Eliminate Scale Uncertainties and Scheme Dependence

_)
A OCD — l//,Il_I (Xl-, k 1Ljs /11) Valence and Higher Fock States



Light-Front Holography: First Approsimation 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-like relation

® QCD coupling at all scales

® Nonperturbative mass scale

® Hadron Spectroscopy-Regge Trajectories for mesons, baryons with universal slopes inn, L
® Supersymmetric 4-Plet: Meson-Baryon -Tetraquark Symmetry

® Light-Front Wavefunctions

® Form Factors, Quark and Gluon Structure Functions

® New Hadronic Observables; gluonic radii and gluonic momentum fraction

® OPE: Constituent Counting Rules

® Hadronization at the Amplitude Level: Many Phenomenological Tests

® Systematically improvable: Basis LF Quantization (BLFQ)

Stan Brodsky Supersymmetric Features of Hadron Physics 2
from Superconformal Algebra O 24
Bled Worksh op and Light-Front Holography 6 July 202



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 (? = b (1 — x)

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

® Unique Dilaton in AdSs: 6"‘“222
® Unique color-confining LF Potential U ((*) = k*(?

® Superconformal Algebra: Mass Degenerate 4-Plet:

Stan Brodsky Supersymmetric Features of Hadron Physics f‘
from Superconformal Algebra
Bled Worksh op and Light-Front Holography 6 July 2021



Irnwawiance Principles of Quantum Field Theovy

® Poincareé 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 (PMC)

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

Stan Brodsk Supersymmetric Features of Hadron Physics
Yy persy y
Bled Worksh 0[7 from Superconformal Algebra

and Light-Front Holography _ July 2021



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

Principle of Maximuwm Conformality (PMC)

week ending

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

5%

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, Chongging 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 {83;} 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.



Set multiple renormalization scales --

Lensing, DGLAP, ERBL Evolution ...

C'hoose renormalization scheme; e.g. ait(puBt)

l

. arbitrary initial renormalization scale

'

Identify {8} — terms using ny — terms

mnat

Choose 1%

through the PMC — BLM correspondence principle

'

Shift scale of ay to utMC to eliminate {BF} — terms

\

Conformal Series

it and scheme at fized order

Result 1s independent of 'y

Principle of Maximum Conformality

PMC/BLM

No renormalization scale ambiguity!

Result iy independent of
Renormaligationw scheme
ond, initial scale!

QED Scale Setting at Nc=0

Eliminates unnecessary
systematic uncertainty

Scale fixed at each order

O-Scheme automatically

identifies B-terms!

Xing-Gang Wu, Matin Mojaza
Leonardo di Giustino, SjB_’ _

Stan Brodsky Supersymmetric Features of Hadron Physics ® (oA
NGy \W .
from Superconformal Algebra NATIONAL ACCELERATOR LASORATORY Ny a5

University of > 2B
@&T{E Kentu Cky and Light-Front Holography 28 May 2020




Renormalization scale depends on the thrust

Not constant !

PMC scale (GeV)

I
|
.'
- Imax N I
) s -
: T — — , II
j Z il K
15F ( ,l _
i ’
_ . _ //
- eteT > Z-q4gt _
10 - ’,”’ T. Gehrmann, N. H afliger,
: ’,r’ P. F. Monni
5 i ,,/, S.-Q. Wang, L. Di Giustino,
i Pie X.-G. Wu, sjb
u /, -
_ //
VA
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1-T



(1-T)/o,do/d(1-T)

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

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

0.6_ — T T T [ T T T T [ T T T T [ T T T T [ T T T T ] I
: --—- Conv.,LO - ALEPH

0.5 _7\ fg --—- Conv.,NLO - DELPH -
LS - Conv.,NNLO = OPAL

041 —— PMC e L3 .
I * SLLD

03} -
i PMC scale

0.2}

0.1F / e
|z

Conventional scale

1-T

0.00 0.05 0.10 0.15 0.20

0.25

0.30

0.35

Principle of Maximum Conformality (PMC)



as(QZ)

ete” - 7" > qgg + -+ a,(Q°) in MS scheme

0.50¢
I‘ Determine QCD running coupling from
0.45H measurement of the thrust T and
EH C-distribution at one energy! |
0.40F |
. B\ |
L) |
& A Thrust
0.35F &
A m C-parameter
_ \ 1
- A\
Bl N
030t g A new way to- measwre a(Q°)
I i3
0.25} R
I ) \\\::\ K 7
0.20F <&____ 11 o
E e e N : .L_;Z_uu_‘liggﬂlz‘g;‘_‘i‘ _
0-15_..|...|...|...|...|...|...|.
2 4 6 3 10 12 14
Q (GeV)

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



Features of BLM/PMC

e Predictions are scheme-independent at every order

o 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, Pivovarov, sjb)



Remowkable observation at HERA

020 1 J T T T =T T T T
‘ X < 0.0008

/e " 015} + ZEUS
2 - i
o V'z_/.g o.m( . {

0.05 4

M S
X 0.00 e < %o < 0.003 |
X p 0.15} +
/ | |
P & P 0.10} + T -_4
\ t ./ 0.0S{ ¢ + ] 1
VOO0 40 80 80 100
Q%on [GeVe]
10% to-15% | , : -
Fraction r of events with a large rapidity gap,
O]CDIS Mmax < 1.5, as a function of QI%A for two ranges of xps. No
e ?/Vlté/ oure acceptance corrections have been applied.
diffractive !

M. Derrick et al. [ZEUS Collaboration], Phys. Lett. B 315,481 (1993)
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QCD Mechanism for Rapidily Gaps

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

Y

qr= - BX
11( g

>_

(1'B)Xg

>_

Xq oxX~1 } Rap Gap
V

P

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



DDIS:

// Diffractive
BN Deep Inelastic
@ Scattering
| Q,
P ! > P

90% of proton momentum carried off
by final state p’ in 15% of events!

Gluon momentum fraction misidentified!

p’ is measured in DDIS but escapes detectation in DIS events



Simplified Description of DDIS from two-gluon Pomeron exchange in
the LF framework

Five-quark Fock State + final-state interaction produces rapidity
gap
Diffractive DIS Event: v* + p,qu0o> — P’ + X + (rapgap)

/ —

O

* _6 o rapidity gap
% ; D

Five-quark Fock state of proton: |[{udu}sc{QQ}sc >

SIY <

Low-Nussinov Two-Gluon Model of Pomeron



Forwawrd Virtual Comptow scattering for o
DIS event

(x —y)* =0
Vanishing LF time between currents of virtual photons at large ¢ : OPE!

124



Forward Virtual Comptow scattering for o

DDIS event

v +p = {QQ}+p =y +p

Nonzero LF propagation time between virtual photons: No OPE!

< plJ*(2)IN >< N|J (y)lp >, (z — y)* # 0

Cannot reduce to matrix element Liuti, Lubovitski,
of local operator! No Sum Rules! Schmidet, sjb



Color Confinement and Supersymmetric Features
of Hadron Physics from Light-Front Holography
and Novel Features of QCD from Light-Front Holography Ii

with Guy de Teramond, Hans Giinter Dosch, Alexandre Deur, Marina Nielsen, Ivan Schmidt,
F. Navarra, Jennifer Rittenhouse West, G. Miller, Keh-Fei Liu, Tianbo Llu, Liping Zou, S. Groote,
Joshua Erlich, S. Koshkarev, Xing-Gang Wu, Sheng-Quan Wang, Cedric Lorce, R. S. Sufian,
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