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Bound States in Relativistic Quantum Field Theory:

Light-Front Wavefunctions

Dirac’s Front Form: Fixed t=1r+z/c

Fixed =t + z/c
Y(x;, kL, i) o =

Invariant under boosts. Independent of P’

HZ: |y >= M?|y >

Direct connection to QCD Lagrangian

Remawkable new insights fromAdS/CFT,the duality
between conformal field theovy and Anti-de Sitter Space




Light-Front Wavefunctions: rigorous representation of composite

systems in quantum field theory
Eigerutote of LF Hamilfonioww : Off-shell inv Ivwawiont Mass

L+ 1O 1 3 Fixed =t + z/c Fixed LF tume

~ pt POt ps

X

2P, 2, P +k
Pt P, :

b (25, k1, Ag)

- :) Z?’CBZ: 1
p, J. >= Z%%(33@',ku,)\i)\n;wi,kg,)\@- p )
n=J Sk =0

Inwariant under boosty! Independent ofPu Sum Rules

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



P,S.>= Y Wa(xi ki, M) sk, A >
n=>3

suun over states withv n=3, 4, ...constituenty

The Light Front Fock State Wavefunctions

T
Yyvy
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W (xiy ki M) |

1

are boost invariant; they are independent of the hadron’s energy o
and momentum P*. P ) —
The light-cone momentum fraction b

1

K KAk -
Tt T PP N —

are boost invariant.

Yk =P, Yn=1, Skt =0 P [

Intrinsic heawvy qu/éK s(x) #= s(x) Fz’/)oeobL;ft’me/
s(x), c(x), b(x) at bigh x ||| u(x) # d(x)

Mueller: gluon Fock states BFKL
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Evolution of 5 color-singlet Fock states

d . Lepage, Ji, sjb
Wi (@i, ks Ai)
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deuteron

2 2 —
(24, Q) = [FLi<9" a2k | jon(zi, k) ;)

5X 5 Matrix Evolution Equation for deuterownw
distribution amplitude
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Hidden Color of Deuteron

Deuteron six-quark state has five color - singlet configurations,
only one of which is n-p.

Asymptotic Solution has Expansion

Yre1{ss} = ("él")l/z Yyn+( '4'?%')1/2 Y ant (%)1/2 Yec

Look for transition to Delta-Delta
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Test of Hidden Color in Deuteron Photodisintegration

R— Ccii_g(fyd_)A'F‘FA——) Ratio predicted to approach 2:5

99 (yd—pn)

Ratio should grow with transverse momentum as the hidden color
component of the deuteron grows in strength.

p d

Possible contribution from pion charge exchange at small t.

Reaction Theory Workshop ¢+t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky
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Is Antishadowing in DIS

Now-Universal, Flavor-Dependent?



7,1, Nes Mo

Odderonw has never beenv observed/

Look for Charge Asymmetries from Odderon-Pomeron
Interference
Merino, Rathsman,

sjb



Odderon-Pomeron Interference leads to K+ K- D* D- and B+ B-
charge and angular asymmetries

Merino, Rathsman,

Odderon at amplitude level sjb

2
Strong enhancement at heavy-quark mas(47s)

pair threshold from QCD Sakharov- b

o H ’ Kuhn,
Schwinger-Sommerfeld effect Oanfib




ot spuv Leading Twist

i e Sivers Effect
e Hwang, Schmidt,
> sjb

current
quark jet Cellins, Burkardt, Ji, Yuan.

Y Xiao, Pasquini, ...
i Q2w
Sp . q X pq QCD S- and P-
Coulo_mb Ph_ases
Pseudo- T-Odd quark final state ~Wilson Line
interaction “Lensing Effect”
QED: S
. Lensing © spectator / /
involves soft system Leading-Twist
scales proton R%catt'erwxgx
Light-Front Wowefunctionw Violates PQCD
S and P- Waves! Factori o]

S'L@w reversal tn PY!



)
(\V)

DIS DY

Attractive, opposite-sigr Repulsive, saume-sigyv
rescattering potential scattering potential

Dae Sung Hwang, Yuri V. Kovchegoyv,
Ivan Schmidt, Matthew D. Sievert, sjb



Static

° i |
Dynamic

Square of Target LFWFs

No Wilson Line

Probability Distributions
Process-Independent

T-even Observables

No Shadowing, Anti-Shadowing

Sum Rules: Momentum and J?

DGLAP Evolution; mod. at large x

No Diffractive DIS

W (24, K 145, Ad)

Modified by Rescattering: ISI & FSI

Contains Wilson Line, Phases

No Probabilistic Interpretation

Process-Dependent - From Collision
T-Odd (Sivers, Boer-Mulders, etc.)

Shadowing, Anti-Shadowing, Saturation

Sum Rules Not Proven

DGLAP Evolution

Hard Pomeron and Odderon Diffractive DIS

current
quark jet

final state
interaction

spectator >

system
proton

Hwang, Schmidt,
sjb,

Mulders, Boer
Qiu, Sterman
Collins, Qiu

Pasquini, Xiao,
Yuan, sjb

Liuti, sjb




Need av First Approximation to- QCD

Comparable in simplicity to
Schrodinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining



1 nyf B nf g
Loop = = Tr(G*Ghu) + Y10, Duy" Uy + fopf
F=1 F=1

1DV =40 — g A* GHY = gF AP — 0¥ AP — g|AF, A"
Classical Chiral Lagrangian is Conformally Invariant

Where does the QCD Mass Scale Agcp come from?
How does color confinement awise?

Scale can appear in Hamiltonian and EQM

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

Unique confinement potential!



Goal: A anadytic first approximalion to-QCD
® As Simple as Schrédinger Theory in Atomic Physics
® Relativistic, Frame-Independent, Color-Confining
® Confinement in QCD -- What is the analytic form of the confining interaction?
® What sets the QCD mass scale?
® QCD Running Coupling at all scales
® Hadron Spectroscopy-Regge Trajectories
® Light-Front Wavefunctions
® Form Factors, Structure Functions, Hadronic Observables
® Constituent Counting Rules
® Hadronization at the Amplitude Level
® Insights into QCD Condensates

Reaction Theory Workshop ¢t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana o1 AR
June 12, 2015 S e I\t



Atomic Physics from First Principles

LoED—
H QED QED atoms: positronivm and
MO VAV
(HO + Hmt) |\IJ >— F ’\IJ > Coupled Fock states
Eliminate higher Fock states
l and retowded interactions
2
[_QA n Veﬂ?(g” )] $(7) = E () Effective two-pawticle equation
Myred
Includes Lamb Shift, quantum corrections
1 d? 1 4(£+1 , ,
gt g V(0] ) = Bylr)  ShericalBasis 7.6, ¢
Q oulomly tal
T

Semiclassical first approximationto-QED -->  Bohr Spectrum



LW‘FVOMQCD Fixed T=t+ z/c

Locp__ . §
by
HQCD (1-2)
l [(2 z(1 — x)b] )
(Hyp + Hip)|¥ >= M?|¥ > ol okt
Eliminate higher Fock states
l oand retowded interactions
[I;%t”;j +VER rp(x, k) = M? rp(z, k) Effective two-pourticle equation
d2 1_ 41L2 ; Azimuthal Basis
[—d—gzﬂL 1 +U(Q)]9(¢) = M*p(Q) ¢,
mg = 0

AdS/QCD:
Q=R RIS ) e

Sums an infinite # diagrams

Semiclassical first approximatiov to-QCD



Fixed T=1t4 z/c

sepavaliovw

2

. k
(? conjugate to w1y = (Pg + pg)° = M2, .

/dk_‘I’BS(P, k) — Yrp(z, k)



Derivatiow of the Light-Front Radial Schwodinger Equationw divectly from
LF QCD

&2k k2 a
.k
/dw/167r 1—:1; 1)

/0 z(1 —:1:) /d2b¢¢ (2, bl)( V2 )WCE,EL) + Interactions.

2
-+ interactions

bl

~ . - — — 2
JhmgeVM1ables(C’¢)’<:\/m(l_x)bJ_: VQZEE (<£>+i({9_

¢ d¢ \ " d¢ (% Op?
, * 2 1d I\ é(0)
M —/M“W(‘d—@‘zd—c c)@
T / a¢ 6 (OU(C)(0)

= [ico (0 (a5~ g +U©) 60



( Light-Front Schwodinger Equation )

G. de Teramond, sjb

Relativistic LF single-variable radial
equatiowfor QCD & QED Frame Independent!

U((,S,L) =r*C+r*(L+ S —1/2)

U is the exact QCD potential d----. $
Conjecture: ‘H’-diagrams generate U? ‘



Heavy Quawk Potential iy IR Divergent inv QCD

4ﬂ?2(jp
C?Q

+ (ca,0 + c41 Ny + 42N + s 3N7)a(Q*)” +87°C In 'ng @ )3]

V@) =-"

a(Q?) {1 + (c20 + a1 Np)a(Q?) + (ca0 + c31Nf + c3 QNJ%)CL(Q2)2

Smirnov, Smirnov, Steinhauser, 2010
>

log k2(?

0000000000

<

-

Summation of H graphs: confining potential

Confinement eliminates IR divergences
Self-coruistent mass scale k



( Light-Front Schwrodinger Equation )

G. de Teramond, sjb

Relatvistic LT single-variable radial
equatiow for QCD & QED Frame Independent!

d? m? o —1+4L?
d¢?  z(1-—=x) 4(?

(2 =z(1— az)bﬁ_

+U((, S, L)) Yrr(C) = M? ¢rr(C)

U is the confining QCD potential
Conjecture: ‘H’-diagrams generate

TS s ) e




de Teramond, Dosch, sjb

Light-Front Holography

(2 =z(1-— a?)bﬁ_

¢ 1-4L?
_ 2 U — M?
[~ qa T i TUQIREO = MP(Q)
Light-Front Schrodinger Equation Unique

A -9 2 Confinement Potential!
U)=r"C+2c°(L+S5—1) o
Preserves Conformal Symumetry
of the actiov

Kk~ 0.6 GeV

Confinement scale:
1/k~1/3 fm

o de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM
o Fubini, Rabinovici: without affecting conformal invariance of action!
9 °
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Applications of AdS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter
Spacetime

AdS

Changes in
physical
length scale
mapped to
evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond and H. Guenter Dosch



Light-Front Holography and Now-Perturbative QCD

Goal:
Use AdS/QCD duality to construct

a first approximation to QCD

>
=

Hadrow Spectiruim
Light-Front Wawvefunctions;
Formwv Factors, DVCS, etc
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in collaboration with Guy de Teramond and H. Guenter Dosch



AdS/CFT

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

2
ds® = R—2(77Wd:1:“d$’/ — (77, ——_—
z

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 — N2 2> )z
2

Tr° = ajuaj“: invariant separation between quarks

e The AdS boundary at z — 0 correspond to the () — o0, UV zero separation limit.



5-Dimensional Confinement

Anti-de Sitter Radius
Spacetime ]
Changes in
Boﬁr(:gary phySIca/
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

e Truncated AdS/CFT (Hard-Wall) model: cut-off at zo = 1 / AQCD breaks conformal invariance and
allows the introduction of the QCD scale (Hard-Wall Model) Polchinski and Strassler (2001).

e Smooth cutoff: introduction of a background @ilaton field gp(z))— usual linear Regge dependence can
be obtained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).

Scattering Theory, AdS/QCD, and LF Quantization Stan Brodsky

Reaction Theory Workshop
University of Indiana ol AR
June 12, 2015 Sl X2



Bosonic Solutions: Hord Wall Model/

e Conformal metric: ds? = gpn,dztdz™. z* = (2, 2), gom — (R2/Z ) Nem -

e Action for massive scalar modes on AdS41:

1
S|P = 5 /dd—HZC g5 [ggm(‘?g(b@mq) — ,LL2(1)2} , g — (R/2)*H

e Equation of motion
1 Em
\/* 8336 (f 99

e Factor out dependence along x#-coordinates , ®p(z, 2) = e 7% ®(2), P,P* = M?:

2202 — (d — 1)2 0, + 2°M* — (uR)?] ®(2) = 0.

o )+u2<1>:0.

e Solution: ®(z) — 22 asz — 0,
q)(z>:CZd/2JA_d/2(ZM) A:%(d+\/d2+4M2R2).
A=2+1L d=14 (uR)? = L — 4




Dilaton-Modifted AdS/QCD

® Soft-wall dilaton profile breaks
conformal invariance pP(2) — €+/<,2z2

® Color Confinement
® Introduces confinement scale <

® Uses AdS;s as template for conformal
theory

Reaction Theory Workshop ¢+t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana o1 AR
June 12, 2015 S e I\t



Introduce “Didaton’ to- simudate confinement analytically

Nonconformal metric dual to a confining gauge theory

R2

)
ds 5

_p(z) v 2 -
? (nMdeﬂdx dz ) - ' .I.."\,____Ieﬁ-ﬁ:?z?

Z

where ¢(z) — 0 at small z for geometries which are

asymptotically AdSs

Gravitational potential energy for object of mass m

) , . e?(2)/2 |
V =mc°\/go0 = mc°R __
2 _< ey
Consider warp factor exp(£x?2?) \ ‘ —
Plus solution: V'(2) increases exponentially confining w/
any object in modified AdS metrics to distances (z) ~ 1/kK K lebonov and, Maldacenc

2 _2
690(2) — 6"‘"5 < Positive-sign dilaton * de Teramond, sjb




de Teramond, Dosch, sjb

General-Spinv Hadrons

e Obtain spin-J mode ¥, ..., ; with all indices along 3+1 coordinates from ® by shifting dimensions

JORICIREE [ew(z) — 6%222]

e Substituting in the AdS scalar wave equation for @

[z%’g — (3-2J — 2/4:2,22) 20, + 22 M? — (uR)Q]QDJ =0

e Upon substitution z —(
65(Q)~ PP e R D ()

we find the LF wave equation

( d? 1 —4L?

ac2 iz K+ 267 (L + S — 1)) Guyopiy = MPpyoop,

with (uR)? = —(2 — J)? + L?



2 2
(690(2) — 6‘|'/<3 Z] Positive-sign dilaton * Dosch, de Teramond, sjb

AdS Soft-Wall Schwodinger Equation for
bound state of two- scalow constituents:

LI ve)e() = M2y

dz? 472

U(z) =k*2* +26*(L+ S — 1)

Derived from vawiationw of Actionw for Didlaton-Modified
AdSs

Identical to Light-Front Bound State Equation!

Z g (= \/:B(l—:v)gi



Quawk separvatiov 6
increases withv L

2-2007 0
8721A20

Fig: Orbital and radial AdS modes i |n the soft wall model for x = 0.6 GeV .
Same slope in n and L!

2-2007
8721A21

Soft Wall
Model

S=0

b, (1235)

S =0

7 (1300)

| Pion mass
automatically zero!

mg =0

[
- (a)
—~ 4_
>
(O]
g L
Al
Pionw has = 2_(140)
zero- mass! i
\O

8-2007
8694A19

Light meson orbital (a) and radial (b) spectrum for k = 0.6 GeV.

40



LF(3+1) = Ad/SS de Teramond, sjb

Light-Front Holographbic Dictionary

Fixed =t + z/c (1-—2)

P(z,¢) = Vol — )¢ 26(C)

(WR)> = L2 — (J — 2)°

Light-Front Holography : Unique mapping derived from equality of LF and
AdS formuda for EM and growvitational cuwvrent matvin elementy and
identical equations of motiow




Meson Spectrum in Soft Wall Model

Pion: Negative termv for J=0 cancels
positive terms fromv LFKE and potential

e

Effective potential:  {J((?) = K% 4 262(J — 1)

LF WE

(_

d?2 1—4L%

e T R 262 - 1)) 61(6) = M?65(¢)

Normalized eigenfunctions (¢|¢) = [ d¢ ¢?(2)

Eigenvalues

d)n,L(() — nl-l-L \/(TanL)' Cl/2+L6_"’2<2/2L£(h}2C2)

J+ L
MnJL—4n2 (n+ %)

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



@ ( < ) AdSj5: Conformal Template for QCD
. Light-Front Holography

Duality of AdS; with LF
Hamiltonian Theory

Fixed T=t+4 z/c

with Guy de Teramond and
Hans Guenter Dosch

e Light Front Wawefunctions:

Light-Front Schrodinger Equation
Spectroscopy and Dynamics



de Teramond, Dosch, sjb

Light-Front Holography

Semi-Classical Approximation to- QCD
Relativistic, frame-independent
Unique color-confining potential

Zero mass pion for massless quarks

Regge trajectories with equal slopes inn and L
Light-Front Wavefunctions

Conformal Symuwmnetry.

Light-Front Schrodinger Equation of the action

Reaction Theory Workshop ¢ . 1v .. ing Theory, AdS/QCD, and LF Quantization Stan Brodsky

University of Indiana ol AR

June 12, 2015 S e I\t



de Teramond, Dosch, sjb

Light-Front Holography

(2 =z(1-— a?)bﬁ_

¢ 1-4L?
_ 2 U — M?
[~ qa T i TUQIREO = MP(Q)
Light-Front Schrodinger Equation Unique

A -9 2 Confinement Potential!
U)=r"C+2c°(L+S5—1) o
Preserves Conformal Symumetry
of the actiov

Kk~ 0.6 GeV

Confinement scale:
1/k~1/3 fm

o de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM
o Fubini, Rabinovici: without affecting conformal invariance of action!
9 °
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De Teramond, Dosch, sb:

e Results easily extended to light quarks masses (Ex: K -mesons)

e First order perturbation in the quark masses
AM? = (| Y m3/xa|th)
a

e Holographic LFWF with quark masses

>

]

x
(\V)

m 77%2 1
0, 0) ~ Va1 —a) e B (T

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

e Forthe K*

J+ L
My p,s = M= +4A (n + %)

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

My = mg = 46 MeV, mgz = 357 MeV



De Ter 1 Doschy éﬂf My, = mg = 46 MeV, mgz = 357 MeV

Mg
T 11—z

) 92
M2 = M2+ <X - X> + <X a X>

SE

MGeV?)

f4(2050)

£
~J
[t~

" ol e " " i " i " e i e " " " I3 " " e e i " " ° " " i e e " " i i " i A 5 e " i " i i A



N(1720)
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Prediction from AdS/QCD: Mesow LFWF

2
e#(2) — g+r

de Teramond,
Cao, sjb

“Soft Wall”

Note coupling
2
ki, x massless quarks
2 4

4 _ k1 _ —

, k‘ — 2k2z(1—x) ¢7‘(‘ (Qj) — —f’ﬂ' \/CE(]. ZIZ‘)
Yl kL) k(1 — .11:)6 3T

fr = \/qugm — 92.4 MeV Same as DSE!

Provides Conmnection of Confinement to-Hadrow Structure



de Teramond, Dosch, sjb
AdS/QCD
Soft-Walll Model

2 2
e#(2) = g’z

Single scheme-independent
Jundamental mass scale

Light-Front Holography
(2 =z(1- a?)bﬁ_

¢ 1-4L?
_ 2 U — M?
[~ qa T i TUQIREO = MP(Q)
Light-Front Schrodinger Equation Unique

A -9 2 Confinement Potential!
U)=r"C+2c°(L+S5—1) o
Preserves Conformal Symumetry
of the actiov

k=~ 0.6 GeV
Confinement scale:
1//6321/3 fm mq:O
o de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM

o Fubini, Rabinovici: without affecting conformal invariance of action!
9 °



Some Features of AdS/QCD

® Regge spectroscopy—same slope in n,L for mesons,

® Chiral features for m,=0: mx=0, chiral-invariant proton

® Hadronic LFWFs

® Counting Rules

® Connection between badron masses and AM—S

Superconformal AdS Light-Front Holographic QCD (LFHQCD)

Meson-Baryon Mass Degeneracy for Ly=Lp+1

Reaction Theory Workshop ¢+t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana ol AR

June 12, 2015 49 SF e I\t



AdS/QCD and Light-Front Holography

* A first, semi-classical approximation to
nonpertubative QCD

* Hadron Spectroscopy and LF Dynamics
Wi (@i, kg5 Ai)

¢ Color Confinement Potential
* Running QCD Coupling a(QQ2) at All Scales Q2

* What sets the QCD Mass Scale?

e Connection of Hadron Masses to 7S

Reaction Theory Workshop ¢+t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana o1 AR
June 12, 2015 S e I\t



Prediction from AdS/QCD

s T ; ——
I M2(GeV2) . M*(GeV?) , _3  a=2 ne1 n=0
@ n=2 =1 "= )
i i £(2300)
3 i
, o(1700) 14(2040)
- m(1800) f4(2050)
, 7,(1670) 3
2j - w(1650) 03(1690)
, -8 w3(1670)
: - p(1450)
1 | 7(1300) b(1235)  w(1420) a»(1320)
- ; 2(1270)
I p(770)
0 - L
i 7(140) w(782)
0 1 2 3 0 1 2 3 4
2 2
M*“(n,L,S) =4k*(n+ L + S/2)
My, = mg =0
Reaction Theory Workshop ) Stan Brods
University of Indiana Scattering Theory, AdS/QCD, and LF Quantizatiovw e A_’:ky

June 12, 2015
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s=1/2,P=- [, |

T
1

L 1 L L L
2 3 4
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(8]

- M?*(GeV?) N (2600
v=L+1
()
i N(2250)
§=3/2, P=- NCI)

, N(1700)
I N(1675) N(2220)
N(1650) \
y=L

N(1720)
| TN(mso) |
vosy 4k S=1/2,P=t ]|
B R R SR S 5
M?(GeV
( :) n=1 n=0
(d)

A(2420)

A(1950)
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- A(1600) A(1910)
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De Ter 1 Doschy éﬂf My, = mg = 46 MeV, mgz = 357 MeV

Mg
T 11—z

) 92
M2 = M2+ <X - X> + <X a X>

SE

MGeV?)

f4(2050)

£
~J
[t~
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u v 2 1 2 S S de Teramond, Dosch, sjb
2 2
U(() = k*¢*+26*(L+ S — 1) eP(?) = gtr'z

O ;2 confinement potential and dilaton profile unique!
e Linear Regge trajectories in n and L: same slope!
® Massless pion in chiral limit! No vacuum condensate!

e Conformally invariant action for massless quarks retained

despite mass scale

® Same principle, equation of motion as de Alfaro, Furlan, Fubini,

Conformal Invariance in Quantum Mechanics Nuovo Cim. A34 (1976) 569



http://inspirehep.net/record/108211

pion is massless in chiral limit iff

._4: p=2 "

2 2
P (2) — TRT2

® Dosch, de Teramond, sjb



Hadron Form Factors from AdS/QCD

Propagation of external perturbation suppressed inside AdS.

J(Q,z) = 2QK1(2Q)

F(Q)—p = [%Pp(2)J(Q,2)P ()

J(Q.2) 4
High Q? 0_: ’ (I)(Z, Polchinski, Strassler
from e de Teramond, sjb
small z ~1/Q 0.4
0.2
high Q= 4

Consider a specific AdS mode ®(™) dual to an n partonic Fock state |n). At small z, ®(")
scales as () ~ 227 Thus:

1 71 Dimensional Quark Counting Rules:
2
F(Q ) — | 2 General result from
Q AdS/CFT and Conformal Invariance

n

where 7 = A,, — 0, 0,, = Zq::1 gi. Twist 7 =n —+ L



Holographic Mapping of AdS Modes to QCD LFWFs
Drell-Yon-West: Form Factory awve
e Integrate Soper formula over angles: Corwolution Of LFWFs

F(QQ)ZQW/O dx (1_x)/CdCJo<Cq 1_x> p(z,¢),

X X

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

e Transversality variable

¢ = /z(1 —2)b3
e Compare AdS and QCD expressions of FFs for arbitrary () using identity:

1 1l —=x
/dej()(ccz " >=CQK1(CQ),

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

Identical to- Polchinski-Strassler Covwolution of AdS Amplitudes



LF(S"’I) R - AMS de Teramond, sjb

b(x,b|) — ——— (2)

¢ = \/:13(1 — az)gi

Fixed T=t+4 z/c

P(z,¢) = Va1l —2)("?¢(()

Light-Front Holography : Unique mapping derived from equality of LF and
AdS formuda for EM and gravitational current matrix elementy and
identical equations of motiow



006 T T T T




Current Matrix Elements in AdS Space (SW) e?(2) — 6+/<:22

e Propagation of external current inside AdS space described by the AdS wave equation

[z20§ —z (1 —- 2/1222) 0, — Q2z2] J(Q, z) = 0.

e Solution bulk-to-boundary propagator DV’%@S«@OI/
D) 2
Jﬁ:(Qaz):F(1+%)U<F’O’K2Z2) , CWVW
K K .
i Soft-Wall
Model

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

['(a)U(a,b, z) = / e Fa (1 4 )P 14t
0

e Form factor in presence of the dilaton background ¢ = K222
dz 2,2
F(Q*) =R’ 3¢ VED(2) ] (Q, 2)P(2).

e Forlarge Q% > 4x?
Ju(Q,2) — 2QK1(2Q) = J(Q, 2),

the external current decouples from the dilaton field.
de Teramond & sjb
Grigoryan and Radyushkin



Dressed soft-wall current brings inv higher Fock
states and more vector mesov poles

€+

-_._).*.
B Y
€




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

I 1 1 1 |
) =0y T r
: ) D o 0!’
7 2 2 4.2
log | Fy (s)] M, = 4r"(1/2 +n)

f v = 0.17

1 7’ —L:- _
5y t l

* Nl Tawist 2
Oy l‘ \\\ iES: ::. Hu 1 wZSt +4 |
’ / Y i!‘i"‘ | % |
Twist 2 ~L A £
i - )
7 Frascati data ~~<__|
2L L | | L L ;
0.0 05 1.0 2.0 25 3.0

Prescription for
Timelike poles :

1
s — M? +iy/s

14% four-quark
probability

G. de Teramond & sjb



PiowForm Factor from AdS/QCD and Light-Front Holography

log [ F5(s)
spacelike timelike
+} — Frascati
f JLab \
BaBar ISR |
10 -5 0 5 10




Remowrkable Features of
Light-Front Schwdodinger Equationw
® 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 nand L -- not usual HO

O 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) =r*C*+26*(L+ S5 —1)

Reaction Theory Workshop ¢t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana
June 12, 2015 S e I\t
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LF Holography

4L% — 1
(-0 +~ 26°(Lp + 1) 102 YT = M*y
4(Lp+1)* -1, _ )
2 | 4,2 2 )
(—0¢ +r"C"+2r5"Lp + 10 )@DJ:M%]
MQ(nv Lp) = 4’12(’” + Lp+1) S=1/2, P=+

Meson Equation

415, — 1
f@ o, = M?¢,

(— 83 + KA+ 265(J — 1)

both chiralities

‘ M?(n,Ly;) = 4x*(n + Lay)

‘ Same k!

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

Meson-Baryon Degenerac

for Ly=Ls+1



Superconformal Algebra

M2

- 9+
N - (2200
4K? , (2200

M?(n,Lp) = 4k*(n+ L + 1) N;
5+
N; (1680)

Same slope

53—
N - (1520)
2

Meson-Baryon

Mass Degeneracy
for Ly=Lp+1

Dosch, de Teramond, sjb



Superconformal AdS Light-Front Holographic QCD (LFHQCD):
Identical meson and baryon spectra!

Meson-Baryon
Mass Degeneracy
for Ly=Lp+1

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



Dosch, de Teramond, sjb

- p — A superpartner trajectories

0 |

M? (GeVz)




Features of Supersymmetric Equations

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

o J2=L1z2+12=(L2+1)-1/2 S% =4+1/2

e Baryon spin carried by quark orbital angular
momentum: <Jz> =L2+1/2

e Mass-degenerate meson “superpartner” with

Lv=Le+1. “Shifted meson-bawryon Duality”

Meson and baryon have same « !

Counting Rules Obeyed

Reaction Theory Workshop ¢+t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana o1 AR
June 12, 2015 S e I\t



Fermionic Modes and Baryon Spectrum
[Hard wall model: GdT and S. J. Brodsky, PRL 94, 201601 (2005)]
[Soft wall model: GAT and S. J. Brodsky, (2005), arXiv:1001.5193]

Nucleon LF modes

w-l-(C)n,L

w—(C)n,L

Normalization

Eigenvalues

“Chiral partners”

From Nick Evans

K2+L\/< 2n! <3/2+L6—m2<2/2L£+1 (HQCQ)

K

3+L

n+ L)

vn+L+2\ (n+L)!

[acuio) = [acet© =1

M?@,L,Szl/Q =4r* (n+ L +1)

M (1535) _ 3
M (940)

1 \/( 2n/! C5/2+Le—m2C2/2L£+2 (R2<2)

Chival Symumetry
of Eigenstate!



Chiral Features of Soft-Wall AdS/

QCD Model

¢ Boost Invariant

e Trivial LF vacuum! No condensates, but consistent with GMOR
® Massless Pion

* Hadron Eigenstates (even the pion) have LF Fock components of different L
e Proton: equal probability S* = _|_1/2 L*=0;5% = _1/2’Lz
(=i < o 1/2,< 5 o)

o Self-Dual Massive Elgenstates . Proton is its own chiral partner

¢ Label State by minimum L as in Atomic Physics
¢ Minimum L dominates at short distances

* AdS/QCD Dictionary: Match to Interpolating Operator Twist at z=o.

= +1



Some Features of AdS/QCD

® Regge spectroscopy—same slope in n,L for mesons,

® Chiral features for m,=0: mx=0, chiral-invariant
proton

® Hadronic LFWFs : Single dynamical LF radial
vartable {

® Counting Rules

e Connection between badron masses and N\~= S

Superconformal AdS Light-Front Holographic QCD (LFHQCD)

Meson-Baryon Mass Degeneracy for Ly=Lg+1

Reaction Theory Workshop - ¢ ;0 -0 g Theory, AdS/QCD, and LF Quantigation  Stan Brodsky

University of Indiana ol AR
June 12, 2015 74 S T



e Compute Dirac proton form factor using SU(6) flavor symmetry
dz
F@) =R [ SV@Qane)

e Nucleon AdS wave function

NI _ A 2n! 7/2+LLL+1 2.2\ —k32%/2
+(2) = ERACE] (k72%) e

e Normalizaton (F1P(0)=1, V(Q=0,z)=1)
dz
R4/z4 Ui (z) =1

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

1 I I 1
d 2
V(Q,z) = ﬁ:2z2/ 1 _x 2 334%6_“%29”/(1_:”) 121 .
o (1—x) T |
e Find ] §
FP(Q?) = [
(1+ %) (1+ 4%

with M,,> — 4x%(n +1/2)

0 10 20 30

a757A2 Q? (GeV?)
Reaction Theory Workshop ) Stan Brodsk
University of Indiana Scattering Theory, AdS/QCD, and LF Quantigation o1 A y

June 12, 2015 N\



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

2-2012 2 2 2-2012 2 2
8820A18 Q“ (GeV?) 8820A17 Qc (GeV®)

2I ! | ! | ! O_I ! | 'A J\ ! _

. ¢
~ _1 | —
C A
L
0 [ | | | T . | . -2 | | | | | |
0 2 4 6 0 2 4 6
53208 Q? (GeV?) B320A7 Q? (GeV?)
Reaction Theory Workshop ) Stan Brodsky
University of Indiana > COter g Theory, AdS/QCD, and LF Quantization

1AL

June 12, 2015 S e I\t



Spacelike Pauli Form Factor

From overlap of L =1 and L =0 LEWFs

Harmonic Oscillator Confinement |
Normalized to anomalous moment |

k= 0.49 GeV

G. de Teramond, sjb

Q2%(GeV?)

Reaction Theory Workshop ¢t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana o1 AR

June 12, 2015 S e I\t



n=0,L=0
\Ij-l-

N(940) — N*(1440):
0.20

0.15

0.10 +

0.05 |-

0.00
0

Q@
D o 2V/2 M3
(HW) (HM?,

with M2 — 4k2(n +1/2)




Predictions fromAdS Holographic QCD

Dosch, Deur, de Teramond,
Zero-Mass pion for zero quark mass sjb

Regge Spectroscopy M?(n, L) = 4k*(n + L)

Same slope in n, L

LFWFs, Distribution Amplitudes Or(x) X fr \/ r(l—x)
Form Factors, Structure Functions, GPDs
Non-perturbative running coupling Qg (QQ) X € 4r2

Meson-Baryon Supersymmetry for Ly= Lp+1 )
A=K

79



Interpretation of Mass Scale K

* Does not aftfect conformal symmetry of QCD action

* Self-consistent regularization of IR divergences

* Determines all mass and length scales for zero quark mass

* Compute scheme-dependent A7;gdetermined in terms of /5

* Value of K itself not determined -- place holder

* Need external constraint such as f;



1 nyf B nf g
Loop = = Tr(G*Ghu) + Y10, Duy" Uy + fopf
F=1 F=1

1DV =40 — g A* GHY = gF AP — 0¥ AP — g|AF, A"
Classical Chiral Lagrangian is Conformally Invariant

Where does the QCD Mass Scale Agcp come from?
How does color confinement awise?

Scale can appear in Hamiltonian and EQM

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

Unique confinement potential!



@ de Alfaro, Fubini, Furlan

Gho(r) >= i () >

New term

G=uH +vD +wKk /

1 d? g  Aduw — v? 332)

G:HT:§(_CZ:1:‘2'L$24' 4

Retaing conformal inwariance of action despite massy scale!
duw — v* = k* = [M]*

Tdentical to- LF Hamidtonion with unique potentiol and dilaton

® Dosch, de Teramond, sjb

d? 1 —4L?

et e TUQIRO = M)

U) =r*C*+26*%(L+ 5 - 1)




® Mass scale does not appear in the QCD Lagrangian (massless
quarks)

® Dimensional Transmutation? Requires external constraint
suchas «as(Mz)

® dAFF: Confinement Scale K appears spontaneously via the
Hamiltonian: G =uH +vD +wKk 4uw_02 :l€4 _ [M]4
® The confinement scale regulates infrared divergences,

connects /\ocp to the confinement scale K

® Only dimensionless mass ratios (and M times R ) predicted

® Mass and time units [GeV] and [sec] from physics external to

QCD
® New feature: bounded frame-independent relative time

Reaction Theory Workshop ¢t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana o1 AR

June 12, 2015 S e I\t



dAFFE: New Time Variable

2 20w + v
arctan ,

N VAuw — 12 VAauw — 12

-

® Identify with difference of LF time Ax*/P~
between constituents

® Finite range

® Measure in Double-Parton Processes

Reaction Theory Workshop ¢+t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana o1 AR
June 12, 2015 S e I\t



de Téramond, Dosch, sjb

Light-Front Holography

(2 =z(1— aﬁ)bi

d? 1-—4L?
_ 2 U — M?
[~ qa T i TUQIREO = MP(Q)
Light-Front Schrodinger Equation Unique

U (C ) _ li4 CQ 4 2/{2 ( LLS— 1) Confinement Potential!

Conformal Symumetry

of the action

k~0.6 GeV

Confinement scale:

1/k~1/3 fm

Scale can appear in Hamiltonian and EQM

¢ de Alfaro, Fubini, Furlan: without affecting conformal invariance of action!



de Teramond, Dosch, sjb

Light-Front Holography

Semi-Classical Approximation to- QCD
Relativistic, frame-independent
Unique color-confining potential

Zero mass pion for massless quarks

Regge trajectories with equal slopes inn and L
Light-Front Wavefunctions

Conformal Symuwmnetry.

Light-Front Schrodinger Equation of the action

Reaction Theory Workshop ¢ . 1v .. ing Theory, AdS/QCD, and LF Quantization Stan Brodsky

University of Indiana ol AR

June 12, 2015 S e I\t



AdS/QCD and Light-Front Holography

M 5 =4k*(n —I—%)

® Zero mass pion for mg=0 (n=]J=L=0)
® Regge trajectories: equal slope inn and L

® Form Factors at high Q*: Dimensional counting
Q] F(Q?) — const
® Space-like and Time-like Meson and Baryon
Form Factors
_ Q2
® Running Coupling for NPQCD as(Q?) o e”

® Meson Distribution Amplitude O () < fr/2(1 — )

Reaction Theory Workshop - ¢, 0, -0g Theory, AdS/QCD, and LF Quantization, ~ StanBrodsky

University of Indiana o1 AR
June 12, 2015 SN



Connecting the Hadron Mass Scale
to the Fundamental Mass Scale
of Quantum Chromodynamics

Alexandre Deur
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA'

Stanley J. Brodsky
SLAC National Accelerator Laboratory, Stanford University, Stanford, CA 94309, USA?

Guy F. de Téramond
Universidad de Costa Rica, 11501 San José, Costa Rica®



Grunberg Deur, de Teramond, sjb

Bjorken sum rule defines effective charge [ENePS] (Qz)

/O dx[gfp($, QQ) _ gf”(x7 QZ)] — 960,[ &917(-‘-@2)]

® Can be used as standard QCD coupling

® Well measured
® Asymptotic freedom at large Q?

® Computable at large Q? in any pQCD
scheme

® Universal o, B ( cPQ)/m = /%J

Reaction Theory Workshop - ¢, 0, -0g Theory, AdS/QCD, and LF Quantization, ~ StanBrodsky

University of Indiana o1 AR
June 12, 2015 SN




Runwning Coupling from Light-Front Holography and AdS/QCD
Analytic, defined at all scales, IR Fixed Point

[ b
08 — ‘
L ’-t B 5 /'2
* a2 (Q)/m = e @ /4K
as(Q) I TN
T 0.6 - | { I “
IR Modified AdS ] i ||
T AB 1 I| \ k= 0.54 GeV
04 +— 1
i O('gl/‘ﬂ: (pQCD) \
-0 o,/ world data
------- GDH limit ¥  ou/n {7
02 ¢ o /n OPAL d
A o, /mJLabCLAS Eeo
B Otgl/J'li Hall A/CLAS i
o - @ Lattice QCD (2004) (2007)
| | | | | Lo L
10" ; y
Q (GeV)

AdS/QCD dilaton captures the higher twist corrections to effective charges for Q < 1 GeV

2 _2
ef = eth 2

Deur, de Teramond, sjb



Ruwnwning Coupling from Modifted AdS/QCD

Consider five-dim gauge fields propagating in AdSs space in dilaton background gp(z)

Flow equation

g2(2) g2(0)

Deur, de Teramond, sjb

S = —% /d4a:dz Vg ef?)

1

G2
g2

1 1

2,2

= #(? or g3(z) =€ g3(0)

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

_ 2,2

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

Coupling measured at momentum scale ()

Solution

where the coupling «

AdS ;

s I

a5 (Q) ~ /O CdCTo(CQ) a5 (¢)

— 02 /42
af(Q%) = af " (0) e @/,

ncorporates the non-conformal dynamics of confinement



0.6

0.4

0.2

All-Scale QCD Coupling

Deur, de Teramond, sjb

Nonperturbative QCD

(Quark Confinement)

Q2
e_m MS —

Perturbative QCD
(Asymptotic Freedom)

AMS —

Transition scale

Qo

Qp =1.08 £0.17 GeV™

Expt;
0.341 + 0.024 GeV

0.339 = 0.016 GeV

10!

Connect npQCD to pQCD!

1

10
Q (GeV)



Testy of AdS/QCD and, LF Holography
at JLlab-12 GeV

e Compare Spacelike-Transition Form Factors,
Counting Rules

F7T—>b1 (QQ) VS. Fp—>N* (Q2)

¢ Supersymmetric QCD Relations: Spectra, Dynamics

e Baryons: q + diquark: [Q]SC[(]Q]gc

¢ Pentaquarks: diquark-antidiquark?: [q q] 30 [q q ] 3C

Reaction Theory Workshop ¢t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana o1 AR
June 12, 2015 S e I\t



New Directions: AdS/QCD and LF Holography

e Hadronization at Amplitude Level:

Calculate Fragmentation Functions from
LEFWEFs

* Higher-Fock States of Proton: Intrinsic Heavy
Quarks; s(x) vs. s(x) asymmetry

¢ Hidden Color of Deuteron

® Predict Spectrum of Tetraquarks, Exotic
Hadrons

pA — Jet [Jet Jet] A" — pA — Jet Jet Jet A’

Reaction Theory Workshop ¢t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana o1 AR
June 12, 2015 S e I\t



7(4430)

. clsc|uclse diquarks
DO g

diquark-diantiquark

D? — D “molecule”

Reaction Theory Workshop - ¢ ;00 g Theory, AdS/QCD, and LF Quantigation, — StanBrodsky

University of Indiana o1 AR
June 12, 2015 Dhe NN



Four-Quark Hadrons: an Updated Review

arXiv:1411.5997v2

A.ESPOSITOA, L. GUERRIERI, F. PICCININI, A. PILLONI and A. POLOSA

State M (MeV) T (MeV) JPY  Process (mode) Experiment (#0)

X (3823) 3823.1+1.9 <24 2= B — K(xe17) Belle?3 (4.0)

X (3872) 3871.68 £ 0.17 <1.2 1t B— K(rtr—JR) Belle?4 25 (>10), BABAR?S (8.6)
pp — (nTa=Jhp) ... CDF?27:28 (11.6), D0?° (5.2)
pp — (T = Jhp) ... LHCDB3%:31 (np)

B — K(ntr—n%Jp) Belle3? (4.3), BABAR33 (4.0)

B — K(v Jip) Belle34 (5.5), BABAR3® (3.5)
LHCbH36 (> 10)

B — K(y(29)) BABAR?® (3.6), Belle3* (0.2)
LHCbH36 (4.4)

B — K(DD*) Belle3” (6.4), BABAR3® (4.9)

Z(3900)* 3888.7 4+ 3.4 35+7 1t~ Y (4260) — 7~ (DD*)* BES 11139 (np)

Y (4260) — 7= (7t Jp) BES I114° (8), Belle*! (5.2)
CLEO data*? (>5)
Z.(4020)* 4023.9 +2.4 10+ 6 1t= Y (4260) — 7~ (7T he) BES III43 (8.9)
Y (4260) — 7~ (D*D*)* BES 1114 (10)

Y (3915) 3918.4+ 1.9 20+ 5 0tt B — KwJRp) Belle*® (8), BABAR33:46 (19)
ete™ = ete (W) Belle?” (7.7), BABAR*® (7.6)

Z(3930) 3927.2 + 2.6 24 £ 6 2T+t efte™ — efe (DD) Belle*? (5.3), BABARS? (5.8)

X (3940) 394273 373t 77t etem — J (DD*) Belle®1:52 (6)

Y (4008) 3891 +£42 255442 17— ete” — (ntn—JR) Belle*! 33 (7.4)

Z(4050)+ 4051133 g2t3l 77t BY 5 K~ (ntxer1) Belle®* (5.0), BABAR®® (1.1)

Y (4140) 41456 £3.6 14.3+£5.9 ?°t Bt 5 Kt (¢JA) CDF?6:%7 (5.0), Belle®® (1.9),

LHCb® (1.4), CMS®0 (>5)
Do%! (3.1)
X (4160) 4156732 1391i3 2t etem — Jpp (D*D¥) Belle52 (5.5)
7(4200)+ 4196135 370199, 1t BO = K~ (xtJMp) Belle®2 (7.2)

Reaction Theory Workshop

University of Indiana
June 12, 2015

Scaktering Theory, AdS/QCD, and LF Quantization
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Belle, BaBar:

B (B° — K1Z(4430)7) x B (Z(4430)" — %(2S)7™) = (6.075:0135) x 107°.

B(B® — K17Z(4430)7) x B (Z(4430)" — Jhpn~) = (5471078 8) x 1076,

Surprising Result:

Dominance of large size ¢'(25) vs. J/v¢ decays



Digquark Anti-diquark Model

Z ([culscledlsc) — mT )/
Formation of charmonium at large separation:

Dominance of overlap with large-size W’ vs J/W decays

Lebed, Hwang, sjb



Jlab-12 GeV: Anw Exotic Chawrw Factory!

v*p — J/1 + p threshold
at /s ~ 4 GeV, Egb ~ 7.5 GeV.
v*p — X (3872) 4 p/
ccqq > tetraquouks
Produce [J/1 + p| bound state
uudcc > pentaquark
v*d — J/v + d threshold
at /s ~5 GeV, E', ~ 6 GeV.

Produce |J/v + d] nuclear-bound quarkonium state
luuddduce > octoquark




Tetraquawk Production at Threshold

Bl >11.9 GeV X(3872)

lccuu >

»

Diquark-Diquark
vs Molecular State?

7*17 — X(3872) T p/ New approach
‘ ceqq > to badronic decays

Dominance of ¥’ vs J/W decays Lebed, Hwang, sjb



Open Chawrmv Production at Thweshold

Nuclear binding at low relative velocity

DO

v d — D’ (cu)|Aenl(cududd)

Possible charmed B= 2 nucleus



Open Chawrmv Production at Thweshold

v*d — A. + | D (cu)nl|(cuudd)

Create pentaquark on deuteron at low relative velocity



Octoquark Productiow at Threshold

Moctoquark ~ 5 GeV

v*D — |uuduudcc >
Explains Krisch Effect!



Light-Front Wavefunctions and Heavy-Quark Electroproduction
Fixed T=t+ z/c

luudcedd)
)

Produce Charged Tetraquarks at JLab!

Coalescence of comovers at threshold produces
7T tetraquark resonance



P,S.>= Y Wa(xi ki, M) sk, A >
n=>3

suun over states withv n=3, 4, ...constituenty

The Light Front Fock State Wavefunctions

T
Yyvy

1

-7 1

W (xiy ki M) |

1

are boost invariant; they are independent of the hadron’s energy o
and momentum P*. P ) —
The light-cone momentum fraction b

1

K KAk -
Tt T PP N —

are boost invariant.

Yk =P, Yn=1, Skt =0 P [

Intrinsic heawvy qu/éK s(x) #= s(x) Fz’/)oeobL;ft’me/
s(x), c(x), b(x) at bigh x ||| u(x) # d(x)

Mueller: gluon Fock states BFKL

Yy

i
\

YYYY

Hiddew Color



B E866/NuSea (Drell-Yan)

2.25

1.75

1.5

1.25

d/u

0.75

0.5

0.25

d(z)/u(z) for 0.015 < x < 0.35

/ B ER66
—— A NAS51

— MRS12
CTEQ4m
CTEQO6

- 1866 Systematic Error

w

- B

.ia\:!a..;i..‘g—.—-

O L1 1

0.1 0.2 0.3
X

0.4 0.5

0.6



Measwre strangeness distributiov
invv Semi-Inclusive DIS at JLalb-

Is s(x) = §(x)?
* Non-symmetric strange and antistrange sea?
* Non-perturbative physics; e.g  |uudss >~ |A(uds) KT (5u) >

¢ Important for interpreting NuTeV anomaly B. Q. Ma, sjb

'U
Y

YYVYYVYY

occ o
w

Tag struck quark flavor in semi-inclusive DIS ep — e/ K T X



Do beavy quarks exist in the proton at high x?
Conventional wisdom: impossible!

Standard Assumption: Heavy quarks are generated
via DGLAP evolution
from gluon splitting

s(z, pgp) = c(z, pf) = b(w, uz) =0

at starting scale p%

Corwentional wisdowv iy wrong eveww inv QED!



Proton Self Energy from g g to gg scattering

QCD predicty Intrinsic Heawvy Quanks!

T X (mé + ki)1/2

4
F
M; Mg 2
Probability (QED) Probability (QCD)

M4 M2

Collins, Ellis, Gunion, Mueller, sjb
M. Polyakoyv, et al.



Fixed LF time

Protow 5 -quawk Fock State :
Intrinsic Heavy Quarks

S QCD predicty
" ok ——  Intrinsic Heavy

———  Quouwks at high x
b

4

Minimal off-
v shellness

TG X (mé + ki)l/2
Probability (QED)

M L Probability (QCD) « M2
Collins, Ellis, Gunion, Mueller, sjb

M. Polyakov



10!

10

10

PGF / B

\ 4 31(IC+ICR) ]

\ o
/ \
A i
PGF \
g/h/cowyph/ttmg/ \ .

-

Measurement of Chowrmy
Structuwre Functionw

J.J. Aubert et al. [European Muon Collaboration],

“Pro-

duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213,31 (1983).

First Evidence for
Intrinsic Charm

0

1 Jactor of 30!

/!

4

T

C

YYVYVYY

O cCcCcC Ol

| X
DGLAP / Photon-Gluon Fusion: factor of 30 too small

Two- Componenty (separate evolution):
C(:Ea Qz) — C(LE, Q2)extrinsic + C(Qja Qz)intrinsic



Leading Hadrow Production
from Intrinvsic Chowm

\ u
T >_O—»J/\P ; | A°
@ «&
o 2Nspect —1
Spectator countmg rules d— 0.¢ (]. — QUF) P
X F

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

Reaction Theory Workshop - ¢ ;00 g Theory, AdS/QCD, and LF Quantigation, — StanBrodsky

University of Indiana o1 AR
June 12, 2015 Dhe NN



1 llllLLl

1

a
= -
x =
< :
~ '
'g 10'k / \ . . active c*, —
E \, Intrinsic charm -
- /spectator € \ 3
-,’ . fusion ]
u . -
h \ ]
IO0 1 1 I [ N1 1 1 I
0 0.2 0.4 0.6 0.8 1.0
| %]
Barger, Halzen, Keung

tEvidence for chawrm at large x



o) *'n=2.65+£0.44
103 @ Toeam L R n=2.3%0.8
102 —‘f:p:;*”—‘_—:*f%_.__ L
210 T 1= \ 3
3 ST e U
eam * n= —
10 . (b) o P o A, no fit P } c
2 A -*——t:-___ . u
10 Y %‘_‘*t:___ p_l
1o ~+— il
O ‘] s 1TLL'11 [ETET A | sl e gy P
P I b " n=2.45+0.18 , 1.2005
"103 (C) = o R n=6.8%1.1 P 871146
S 402 = T e
£10 TR ~ ~
3 = T (uudce) = Ac(cud
310 | ~ v P c |
< [ T P PP B Laet, bt .2 ll T n _2
y” beam A n=2.10+0.20 S
1 O 2 o _"_‘-f_q\_
0 LN p.’<1 .0 (GeV/c)2 e “:_!_
2
- B A pZ>2.0 (G?X/‘f)“ o 1<1 "~ .| Phase space alone

1 ° ° °
v, ' gIVes minimum power

cawried by charm quarks!



e EMC data: c¢(z,Q%) > 30 x DGLAP
Q2 =75 GeV?, x = 0.42

e High zp pp — J/YX

o High zp pp — J/J /¥ X
e High zp pp — AcX

e High zp pp — N\p X

e High zp pp — =(ced) X (SELEX)

Critical Measurements at threshold for JLab, PANDA

Interesting spin, charge asymmetry, threshold, spectator effects

Impovtont covrections to-B decays; Quawkoniwm decavys

(GGardner, Karliner, sib



Production of Two- Chawmoniov at
Highv xr

JY

J/Y

|
O o0

1797

X

NA3: All events at bigh xr=x, + Xy



F |
All events have T o > 041

/

5.0 , , 10.0
5 (a) TN-yy B (b} TN~y - 757
< g
\:\; 2.5 - — - 503
: :
< - 4 25
0.0 { \ / 4 0.0
2 6r(c) pN-yy . (d) pN-y
)é — — 10 ;
E3 B N
% - B 1 9 z;
2 B d
0 ‘ ‘ 0
0.0 0.5 1.0 0.0 0.5 1.0

X gy Xy
Fig. 3. The ¢/ 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 7~ N data at 150 and 280 GeV/c [1]. The
X4y 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/i’s is twice the number

of pairs.
NA3 Data

Excludes PYTHIA
‘color drag’ model

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;
[ [ies dxid? ke

8() iy kri)8(1 — D1 %)
(m%l - Zl](m%g/xi))z ’

= naﬁ(McE)



week ending

PRL 102, 192002 (2009) PHYSICAL REVIEW LETTERS 15 MAY 2009

Measurement of ¥ + b + X and vy + ¢ + X Production Cross Sections
in pp Collisions at \/s = 1.96 TeV

§18EDO, L =10 Y'<08 [ yy"<0 Ao (pp ’7C4 ( )
S16F yyels0 ly'l<1.0 E v+b+X
S T Y — 3 { + ............................................ pp — YbX

S U R e S N SR

1 1-!'9*':3;*;55:;:'.‘_ m T ;'F:i;':-,f-jfr:ﬁil‘=' ..................
2 St s I E R R — o
08 ; Ratio

—e— data / theory

0.6 i_ CTEQ6.6M PDF uncertainty ° °_ o
04} wicmiam .- 1C BHPS / CTEQ6.6M N b msenSltlve tO
0.2F === IC sea-like / CTEQ6.6M o ’y _I_
F e, Scale uncertainty C ' ' | | | | gluon PDF’
Y,,Jet >0
ssp VY scales

Y+C+ X

Signal for
significant IC
atx > 0.I

720 60 80 100 120 140 40 60 80 100 120 140
p! (GeV) Need COMPASS
Measurement

of c(x,Q?)!




P. Jimenez-Delgado, T. J. Hobbs, J. T. Londergan, W. Melnitchouk

5 T T AL LR
10 3 noIC —— 78.10 (7) * E
104 _ COIlflIllIlg ~ T 7 4390 (6) , *.\
= eff.mass ------
10° [ BHPS oo
», [ o-function ——--
10° L \ 24 70 (5)_
10" L <0® @) 13.90(4)
0f 439 (2) 781 (3) i
10 3 \ E
107" L 2.47 (1).\ -
; 2 i
102 L 1390 . T Fg(x,Q ) X 10 :
103 L e e
0.001 0.01 0.1 1

EMC Data



Intrinsic Chowrmv Mechanism for Inclusive
High-Xr Higgs Production

pp — HX

H

>
>
—_ >
C
C \\g I
< AN
<

<

p

Goldhaber, Soffer,
Also: intrinsic bottom, top  Kopeliovich, Schmidt, sjb

Higgs can have 80% of Proton Momentum!

New seawch strategy for Higgs
AFTER: Higgs production at threshold!



.- d‘fc—"F(pp — HX)[fb]

40 -

LHC :\/5 = 14TeV

w
o
|

do/dx_ [fb]

10

O L) I’”l I L) I L) I L) I L) I L) I L) I L) \i L) I
0,78 080 082 084 086 088 09 092 094 09 0,98

X

F
Need High xr Acceptance Goldhaber, Kopeliovich,

Most practical: Higgs to- 2 ov 4 muons Schmidt, Soffer, sjb




Chowrvwv at Thureshold

® Intrinsic charm Fock state puts 80% of the proton
momentum into the electroproduction process

® 1/velocity enbancement from FSI
® CLEO data for quarkonium production at threshold
® Krisch effect shows B=2 resonance

® all particles produced at small relative rapidity--
resonance production

® Many exotic bidden and open charm resonances will

be produced at fLab (12 GeV)



® Anti-Shadowing is Universal
® ISI and F SI 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

Reaction Theory Workshop ¢t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana o1 AR

June 12, 2015 S e I\t



Electron-Electronw Scattering inv QED

Oé(t) — a(0)

1—11(¢)

Gell-Mann--Low Effective Charge



N2 -1
2Ne

Huet, sjb

lim No — 0 at fixed a = Cpas,ny = ng/Cg

QCD — Abelian Gauge Theory

Analytic Feature of SU(Nc) Gauge Theory

Scale-Setting procedure for QCD
nmust be applicable to- QED

125



Set multiple renormalization scales --

Lensing, DGLAP, ERBL Evolution ...

PMC/BLM

No renormalization scale ambiguity!

; ; . R, init
Choose renormalization scheme; e.g. o (pWp")

wnit.

Choose p'%"; arbitrary initial renormalization scale

using d-scheme dependence

Identify {3} — terms

through the PMC — BLM correspondence principle

'

Shift scale of a,to ptMC to eliminate {37} — terms

\

Conformal Series

Result is independent of uB and scheme at fixed order

Principle of Maximum Conformality

Resuldt i independent of
Renovrmaligationw scheme
and, inittald scale!

QED Scale Setting at Nc=0

Eliminates unnecessary
systematic uncertainty

Scale fixed at each order

0-Scheme automatically

identifies B-terms!

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



week ending

110, 192001 (2013) PHYSICAL REVIEW LETTERS 10 MAY 201

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, Chongqging University, Chongqging 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 {8;} terms, and reveals a special
degeneracy of the terms in the perturbative coefficients. It allows us to systematically determine the
argument of the running coupling order by order in perturbative QCD in a form which can be readily
automatized. The new method satisfies all of the principles of the renormalization group and eliminates an
unnecessary source of systematic error.

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

Reaction Theory Workshop ¢t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana
June 12, 2015 S e I\t



0-Renormalization Scheme ( R;s scheme)

In dim.reg. 1 /e poles come in powers of [Bollini & Gambiagi, 't Hooft & Veltman, '72]

2
7 1
lnp+g‘|‘c

In the modified minimal subtraction scheme (MS-bar) one subtracts together
with the pole a constant [Bardeen, Buras, Duke, Muta (1978) on DIS results]:

In(47) — vg

This corresponds to a shift in the scale:
pae = p” exp(Indr — yp)
A finite subtraction from infinity is arbitrary. Let’s make use of this!

Subtract an arbitrary constant and keep it in your calculation: R s-scheme
1n(47r) — YE — (5,

ps = pigrs exp(—06) = p? exp(Indm — yg — 9)

128



Exposing the Renormalization Scheme Dependence

Observable in the Rs-scheme:
ps(Q?) =rg + r1a(p) + [r2 + Bor16]alp)? + [rs + B1r10 + 280726 + Bar162)a(u)® + - -

Ro=MS, Ringrpy =MS 1= piz exp(ndr —yg), pj, =ps, exp(ds — 1)
Note the divergent ‘renormalon series’ n!8"a’,

Renormalization Scheme Equation

dp
%Z—M)

dp

=0 —s PMC
da

ps(Q?) =ro + a1 () + (r2 + Bor1d1)az(p2)? + [rs + Bir1d1 + 2Borads + Bir167)as(us)® 4

The 6?a™-term indicates the term associated to a diagram with 1/e"~* di-
vergence for any p. Grouping the different 0;-terms, one recovers in the N, — 0
Abelian limit the dressed skeleton expansion.

R — —————

Reaction Theory Workshop ¢, 0 -ng Theory, AdS/QCD, and LF Quantization, ~ StanBrodsky

University of Indiana ol AR

June 12, 2015 SF e I\t



The Renormalization Scale Ambiguity for Top-Pair Production

Eliminated Using the ‘Principle of Maximum Conformality’ (PMC)

Xing-Gang Wu

0.8 SJB

AL (M. > 450 GeV)

0.7

0.6

Experimental

¢ asymmetry
<= PMC Prediction

0.5

04

0.3

0.2f

0.1 |
Conventional guess for renormalization scale
ol and range

Top quark forward-backward asymmetry predicted by pQCD NNLO

within | 0 of CDF/D0O measurements using PMC/BLM scale setting



Reanalysis of the Higher Order Perturbative QCD corrections to Hadronic Z Decays

using the Principle of Maximum Conformality

- - i P.A. Baikov, K.G. Chetyrkin, J.H. Kuhn, and J. Rittinger,
S Q Wang, X-G W, S]b Phys. Rev. Lett. 108, 222003 (2012).
1.046 . . .
1.044 1 ¢ Conv. |
x PMC

1.042 4

1.04 ¢ .
b . »®

1.038 - .

1.036 - .

1.034 - ]
(2) (3) (4)
NS NS NS

The values of rgls) =1+) ", CNSal and their errors
+|CN5a”|max. The diamonds and the crosses are for con-

ventional (Conv.) and PMC scale settings, respectively. The
central values assume the initial scale choice ;""" = Mz.



Lu, Kataev, Gabadadze, Sjb

Generalised Crewther Relation

1+ RGO @)y

— —
VT ~ 0.520)

Conformald relation true to- all ovders inv
perturbation theory

No-radiative covrections to- axial anomaly

Nonconformal terms set relative scales (BLM)
No renormalization scale ambiguity!

Both observables go through new quark thresholds
at commensurate scales!



Principle of Maximuwm Conformality (PMC)

* Sets pQCD renormalization scale correctly at every finite
order

¢ Predictions are scheme-independent
e Satisfies all principles of the renormalization group

® Agrees with Gell Mann-Low procedure for pQED in Abelian
limit

e Shifts all  terms into o, leaving conformal series
® Automatic procedure: R; scheme

® Number of flavors nrset
Xing-Gang Wu, Matin Mojaza
Leonardo di Giustino, SJB



1 nf i nf -
EQCD = _ZTT(GMVG,LLV) -+ ZZ\IffDM’}/’u\IJf + me\lff\lff
f=1 f=1

* Although we know the QCD Lagrangian, we have
just begun to understand its remarkable
properties.

* Novel Phenomena: Color Confinement, Color
Transparency, Intrinsic Heavy Quarks, Hidden
Color, Tetraquarks, Octoquarks, Nuclear Bound
Quarkonium...

- “Trudiv iy stranger thaw fuction
because fictiow iy obliged to- stick to-
possibilities” — Mawk Twainy

Reaction Theory Workshop ¢t ing Theory, AdS/QCD, and LF Quantigation Stan Brodsky

University of Indiana o1 AR
June 12, 2015 S e I\t



Scattering Theory and Light-Front QCD
; X

AdS/QCD : Light-Front Holography v
Fixed =t + z/c

Thanks!!! Wi (@4, k15 A)
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