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Goal: anw analytic first approximation to-QCD

As Simple as Schrédinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining
Confinement in QCD -- What sets the QCD mass scale?

QCD Coupling at all scales

Hadron Spectroscopy

Light-Front Wavefunctions
Form Factors, Hadronic Observables, Constituent Counting Rules
Hadronization at the Amplitude Level

Insights into QCD Condensates

Chiral Symmetry

Systematically improvable

Eliminate scale ambiguities
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Light-Front Wavefunctions: rigorous representation of

composite systems in quantum field theory
Eigenstate of LF Hamilfonian

Fixed T=t+4 z/c

||
Y
||

E
E

o, PT,2;P) +k,;

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
v

> xi=1

p,J. >= an(xiagJ_ia)\i)‘n;miang_ia>\i >
n=3

—

ik =0
Inwawiant under boosts! Independent of P

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

wavefunction are at fixed LF time €47 =1+ z/c

Like a flash photograph



<p+4qlit(0)p>=2p"F(¢*?)  tuerction

picture

Fixed T=t+ z/c
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I I B = .

Formv Factors arve

---,

struck k' .=k ;+ (1 —x;)7L
Drell &Yan, West

Exact LF formula! .SPBCtdtOTS kj_ ;= k g — $Z§ 1
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Calcudatiow of protow form factor in Instant Form

<p+qJ"O)p> -
p/'é »P T p p+q

® Need to boost proton wavefunction from p to p
+q: Extremely complicated dynamical problem:;
even the particle number changes

® Need to couple to all currents arising from
vacuum!! Remains even after normal-ordering

® Each time-ordered contribution is frame-
dependent

® Divide by disconnected vacuum diagrams

® Instant form: acausal boundary conditions
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txact LF Fornmudav for Paudic Formv Factor

F2 Z / dz][d%k ] Zej ox Drell, sjb
1 1
{ - q7¢l*($ia Lin Ai) (i, K, Ai) + q—Rwi*(xi, ) U (@ ko, A )}
o= ki — iy k/J_j:kJ_j_|_(1_xj)qJ_
@ qr,, = 9" £ iq?

XjeKypj Xjo Ky y+a;

—

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

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

Nongero- ProtonvAnomalous Moment -->
Nongero-orbital quawrk angular momentunmy
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Angular Momentuwm o the Light-Front

_ Conserved
J< = Z Sl-Z + Z l; . LF Fock-State by Fock-State
. . Every Vertex

[* —1(k

] k>

n-1 orbital angular
momenta

J ak2 J akl)

NOVWO‘AVIOVVW‘JOMMOW\IT< -> NWOWMMMW momentunmy
Drell, sjb, Schmidt

Parke-Taylor Amplitudes Santiago-Cruz, Stasto



Single-spiny Leading Twist

asynwunelries Sivers Effect
e- Hwang, Schmidt,
sjb
> -
current

q uark Jet Collins, Burkardt, Ji,

Y Yuan. Pasquini, ...
! Sp-q><pq C QCD S- and P-
. Coulqmb Ph_ases
Pseudo- T-0dd final state ~Wilson Line
Interaction
“Lensing Effect”
QED: S J
. Lensing © spectator
involves soft system Leading-Twist
scales proton Rescattering
Light-Front Wawefunction Violates pQCD
S and P- Wawves! F:Z CtW!/g atiovn!

Sigw reversal tn DY! , ,
9 Y Relation to confining

interaction?



o Light Front Wawefunctions:

Momentum space k1L <> Z1  Position space

W (25, k5, M)

—

ALHZ_),_]_

T, ki, b1 Transverse density in position
Transverse density in space
momentum space
Z, k 1
Lorce,
Pasquini
Transverse
S
_ o N
kl. T -
:EP+ —
4 ki
b1
Longitudinal S — f d2 bJ_
—— [dx




Recursion Relations ond Scattering Amplitudes inv the Light-Front Formalism
Cruz-Santiago & Stasto

Cluster Decomposition Theorem for relativistic systems: C.Ji& sjb

I
k
| F(1...0) Q5000000 2
: > S ‘“““0.
. 9,
Tphi1 = k(12..n41) <@ 00000, .
uuuc
I <0 .0‘... Fit1
O .
: " .’."“nne"u““. Fitz
! (i+1..n+1) 200000, Kn1
I

Parke-Taylor amplitudes reflect LF angular momentum conservation

k. k.
(i) = zizjs<‘>-(‘—’——f)=

i Zj



Advantages of the Dirac’s Front Form for Hadvow Physics

® Measurements are made at fixed t

® Causality is automatic
® Structure Functions are squares of LFWF's
® Form Factors are overlap of LFWF's

® LFWTFs are frame-independent -- no boosts!
® No dependence on observer’s frame

® LF Holography: Dual to AdS space

® LF Vacuum trivial -- no condensates!

® Profound implications for Cosmological
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Structure functions are not parton probabilities.

By Stanley J. Brodsky, Paul Hoyer,

Nils Marchal, Stephane Peigne, Francesco Sannino.
Phys.Rev. D65 (2002) 114025.

Static

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 (4, Kk i A)

Modified by Rescattering: ISI & FSI
Contains Wilson Line, Phases

No Probabilistic Interpretation
Process-Dependent - From Collision
T1-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


http://inspirehep.net/record/581279
http://inspirehep.net/record/581279

LIGHT -FRONT MATRIX EQUATION
Rigorous Method for Solving Now-Perturbative QCD!

O " Yae 1 [ (gl Vedy  {q7]V |egg) BATE

2. 4 m 3 ! ) - |

(ME — Z = m ) Vago/r | = lqgglV leq) (qa9lViggg) - | Yago/r
AT =0

— — p— — i —_ I_ —

I
] — — — — — L —

Il

|

Il

Y M

Minkowski space; frame-independent; no-fermiovw doubling; no-ghosty
- Light-Front Vacuuwmw = vacuuw of free Hamiltonion/!
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1
EQC’D — _ZTT(GW/GW/ + ZZ\IJfDM’}/“\Iff -+ Zme\Iff\Iff
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Rigorous First-Principle Formudation of Nonw-Perturbative QCD



LW'FVW QCD Physical gauge: AT =0

Exact frame-independent formudlation of
nonperturbative QCD!

QCD QLCD o
L — H .
QCD m* + ki int s b
Hpp ™ = Z[ - li + Hpp @
H: Matrix in Fock Space - 1 }

Hl?FCD|\Ijh > = M%L|\Ifh > ®)
P, J. >= an(xiaEM,N)|TL5CI%,EM,)\¢ > §
n=3

Ko K,o

Eigerwalues and Eigensolulions give Hadronic ©
Spectrum and Light-Front wawefunctions

LEFWFs: Off-shell in P- and invariant mass m{ %

int
HLF




Hornbostel, Pauli, sjb

DLCQ: QCD(1+1) - SU(3) Baryen
m/g = 1.6
T T 1 | I T 1 L | T T T T T T
" (a) o a-q-q 9-q{x10%) [~ () °© q-g-q qq(x102) ~

® §-9-q

1.0 ® 9-9-9

0.5
N
-
e 0 »
a _ - _ 5 i
~~ (c) o g-q-q q-q(x102) - (d) ® 59 = ( 02)
1.0 e g-g-q - o 6-q q-i x5x1 4 13
' ] a 6-q q-q(x10%)
_ 4 N {dldy) 1.,
0.5 |- IY-NA _
| “\ . |
0 O—1—1 Q) o‘o\ O—0O—0—8 A 1 B a & 0

0 0.2 0.4 0.6 0.8 0O 01 02 03 04 05 06
X = kK/IK EOBSAS

a-c) First three states in N =3 baryon spectrum, 2K=21. d) First B = 2 state.
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|P> 5, >= Z ‘Pn(xi,]_éu, 7%) \n;l_éi,-, Ai >
n=3

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

The Light Front Fock State Wavetunctions

¥, (Xi, zJ_ia 7%‘)

are boost invariant; they are independent of the hadron’s energy

and momentum P,
The light-cone momentum fraction

kb _ Ktk
_p+ PO pr

Xij

are boost invariant.

[ Intrinsic heowy quouks

\s(x), c(x), b(x) at bigh x .')

Mueller: gluon Fock states

[ 5(z) # s(z)

VIVVVVV YYVYYY

@) # d(x),

Yvy

Fixed LF time

BFKL Pomeron [H WCO&WJ




® LF wavefunctions play the role of Schrodinger wavefunctions
in Atomic Physics

® LFWFs=Hadron Eigensolutions: Direct Connection to QCD
Lagrangian W (24, k14> M)

® Relativistic, frame-independent: no boosts, no disc
contraction, Melosh built into LF spinors

® Hadronic observables computed from LFWFs: Form factors,
Structure Functions, Distribution Amplitudes, GPDs, TMDs,
Weak Decays, .... modulo lensing’ from ISls, FSlis

e Cannot compute current matrix elements using instant form
from eigensolutions alone -- need to include vacuum currents!

® Hadron Physics without LFWFs is like Biology without DNA!
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HQED QTD at%&mwvmd/

(H() -+ Hznt) ‘\If >=F |\If > Coupled Fock states
tliminate higher Fock states

(retowrded interactions)

2
[—QA - ‘/eﬁ(g, )| ¥(r) = E () Effective two-pauticle equation
Mired l Includes Lamb Shift, quantum corrections
1 d2 1 (41 , ,
- 2Myred T2 2Myeg ( 2 ) + Vet (1, S, £)] ¥(r) = E ¥(r) SPMWBW r, 6)7 ¢

@7 )

[ Virr — Volr) = -2 J Coulomb- potential

Semiclassical first approximation to-QED --> Bohr Spectrum



LW‘FV: WtQCD Fixed T:t—I—Z/C

X

:gL

HQCD (1 -2)

l [g r(1—z)b? j

tliminate higher Fock states
) (retowrded interactions)
ki—|—m2

[x(l s + V" vor(z kL) = M? Yrp(w, ko) Effective two-particle equation

) . Y Azimuthal Basis
[_d—g2+ o(d—a) | 402 + UGS L) drr(Q) = M* ¥rr(C) G, @
AdS/QCD:
[ U(C) :/{,4§2—|—2/{,2(L_|_S_1) ] C%biﬁu/QCD

Semiclassical first approvimation to-QCD Sums an infinite # diagrams



( Light-Front Schwodinger Equation )

G. de Teramond, sjb

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

d? m? —1+4L%

(2 =2(1—z)b?.

U 1is the confining QCD potential
Conjecture: ‘H’-diagrams generate

[ U(C) = k*C* +2x*(L+ S — 1) ]
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¢ ( < ) AdS5: Conformal Template for QCD

® Light-Front Holography

. Duality of AdS; with LF |

Fixed T=t+ z/c
, Hamiltonian Theory |

v

0.1

wn(ajfb kJ_iv )‘Z) 0

0

o Light Front Wawvefunctions:

Light-Front Schrodinger Equation
Spectroscopy and Dynamics 1.5



de Téramond, Dosch, sjb

AdS/QCD
Soft-Walll Model

Single scheme-independent
Jundamental mass scale

Light-Front Holography

h 2 = x(1 —a:)bi.
d> 1—4L?
et e VORI =

Light-Front Schrodinger Equation Unique
U(¢) = k*C* +2k*(L+ S — 1)

Y

C /_zsrj"w' nent Potential!

Conformal Symwmetry
~L A o
o7 tne actiovw
r>~0.6 GeV
Confinement scale:

(mg=0) 1/k~1/3 fm

Scale can appear in Hamiltonian and EQM

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



5-Dimensional Confinement

Agti-de Sitter
pacetime
Changes in
Boundary physical
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 zg = 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).

HEP-LHC 2013 New Perspectives for Hadron Physics Stan Brodsky
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AdS/CFT

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

R2 wvwowton measure
ds* = — (ndatde” — dz*), -

Z2

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, 2z — Az
2

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

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

HEP-LHC 2013 New Perspectives for Hadron Physics Stan Brodsky
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[690(2) — e-l-fiQZQJ Positive-sign dilaton * Dosch, de Teramond, sjb

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

[ ’ e U (2)]|@(2) = M*(2)

dz? 42

U(z) = k2> +2c*(L+ S — 1)
Derived from vawiatiow of Actiow for Dilatorn-Modifted AdS:

Identical to Light-Front Bound State Equation!
2z < (= \z(1l-2)b?




Dilaton-Modified AdS/QCD

d82 = 7 _(nul/il?'uiﬁy — dZQ)
® Soft-wall dilaton profile breaks
. . 0(z) _ _+r?2°
conformal invariance ¢ = €
® Color Confinement
® Introduces confinement scale «

® Uses AdS;s as template for conformal
theory
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LF( 3+ 1) e A d55 de Teramond, sjb

b(2,5,) - P(2)

¢ = \/a?(l —:c)l;i e

|5
(1 —x)

(2, ¢) = Va(l —2)¢26(0)

(uR)? = L? — (J — 2)?

Light-Front Holography: Unique mapping derived from equality of LF
and AdS fornmuda for TM and grovitational current matrix elements
and identical equations of motion




G. de Teramond and sjb, PRL 102 081601 (2009)
)

() 2o @p(2) o [0(P)
¢ = = e¥' N (ndatdz” — dz*) G ol dilaton profil
e Upon substitution z—¢ and ¢;(¢) ~ (73/217e2(2)/2 % ;(¢) in AdS WE
[ d-1-2J ©(2) B\ 2
— 0 (zd€1zjaz> + (,u_) ®(z) = M*®;(2)

690(2) Z

ds

find LFWE (d = 4)

(_d_ 1o4rr U<<>) 61(0) = M25(C)

A2 4c2

with

[ U(¢) = 56"(¢)+ 360 + 257 qu’(o]

and (uR)? = —(2 — J)? + L?
e AdS Breitenlohner-Freedman bound (uR)? > —4 equivalent to LF QM stability condition L* > 0
e Scaling dimension 7 of AdS mode Ci{] is T = 2 4+ L in agreement with twist scaling dimension of a

two parton bound state in QCD and determined by QM stability condition
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Introduce “Dilaton’ to- simudate confinement analytically

Nonconformal metric dual to a confining gauge theory

R2

2
ds >

. e#?) (nwdx“dx” — sz) | I S

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

asymptotically AdSs

Gravitational potential energy for object of mass m

) O |
V =mc“\/g00 = mc°R | /
T . | _5232
Consider warp factor exp(£x?2?) \ —
Plus solution: V(z) increases exponentially confining \/

any object in modified AdS metrics to distances (z) ~ 1/k Ry syl vavearvey

2
z) _ _TK z e - - :
[690( )= e J Positive-sign dilaton * de Teramond, sjb
HEP-LHC 2013 New Perspectives for Hadvron Physics Stéa.nl Bl; ngky



de Teramond, Dosch, sjb

General-Spin Hadrony

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

o) = (5) " #) {ewz) — BMQZQJ

e Substituting in the AdS scalar wave equation for ®

[z28§ — (3-2J — 2/@222) 20, + 22 M* — (,LLR)2} ;=0

e Upon substitution z— (¢
05(C)~ (P2 B(()

we find the LF wave equation

d? 1 —4L2
(—— — - R 4263 (L+ S — 1)) Gy = M2y

d(? 4(2

X

with (uR)% = —(2 — J)2 + L2

HEP-LHC 2013 New Perspectives for Hadvron Physics Stan Brodsky



de Téramond, Dosch, sjb

AdS/QCD
Soft-Walll Model

Single scheme-independent
Jundamental mass scale

Light-Front Holography

h 2 = x(1 —a:)bi.
d> 1—4L?
et e VORI =

Light-Front Schrodinger Equation Unique
U(¢) = k*C* +2k*(L+ S — 1)

Y

C /_zsrj"w' nent Potential!

Conformal Symwmetry
~L A o
o7 tne actiovw
r>~0.6 GeV
Confinement scale:

(mg=0) 1/k~1/3 fm

Scale can appear in Hamiltonian and EQM

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



Quark separationw g
increases with L

D(2)
2
0
2-2007 0 4 8 2-2007
8721A20 z 8721A21 V4

oft Wall
Fig: Orbital and radial AdS modes in the soft wall model for kK = 0.6 GeV . S 7

Same slope inn and L! Model

I ' I I I
T @ S o S =0 ‘
4 = -
c\n; n (1800)
s |t - 1 Pion mass
=, L automatically zero!
Pionw has
 (140) 7 (140) m,., — O
zero-mass! | L | g =
ﬁ L | . . g
3252991%19 L
Light meson orbital (a) and radial (b) spectrum for K = 0.6 GeV.
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Meson Spectrum in Soft Wall Model

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

e

Effective potential:  {J((#) = K% + 262 (J — 1)

LF WE

(

d* 1-4L?
A e )) 6(0) = M*,(¢)

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

Eigenvalues

2n! 2 n ,
¢n,L(<) — KI-I-L \/(n+L)' Cl/2+L6—'°2C2/2L£’(K,2<2)

J+ L
M gL = 4K’ (n | ; )

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



e J=L+S,I =1 meson families .M

1g=4k*(n+ L+ 8/2)

4k2 for An = 1

4k% for AL =1
mq:O 2k2 for AS =1
Massless pion itn Chiral Limit! Same slope inn and L!
T [ T I I | ! |
n=2 n=1 n=0 n=2 n=1 n=0
4l ; i
— a
=
& ~(1800)
N§ 2 - -
2(1300) ]
(140
0 1 | L O 9(7170) 1 | 1
2-2012 2 2-2012 2
8820A20 L 8820A24 L

|=1 orbital and radial excitations for the  (k = 0.59 GeV) and the p-meson families (x = 0.54 GeV)

e Triplet splitting forthe I = 1, L = 1, J = 0, 1, 2, vector meson a-states

M, 1320) > Mg, (1260) > M, (980)

Mass ratio of the p and the a1 mesons: coincides with Weinberg sum rules

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



Prediction from AdS/QCD: Mesonw LFWF

de Teramond,
Cao, sjb

“Soft Wall”

model

IDM(QD’» ki) 0.1l

Note coupling
2
kY, @
4 _ L
:C, k' — e 2/«:2:18(1—:10)
V(@ kL) /43\/:1:(1 — )

fﬂ- = 1/ qugli = 92.4 MeV
Provides Covuwnection of Confinement to- Hadvrow Structure



Hadron Form Factors from AdS/QCD

Propagation of external perturbation suppressed inside AdS.

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

F(Q)—r = [%Pp(2)J(Q,2)®1(2)

105 az)

Polchinski, Strassler
de Teramond, sjb

ngh Q2 0.8
from 0.6
smallz ~1/Q 0.4

high Q2= ' ¢ T,

Consider a specific AdS mode ®(™ dual to an n partonic Fock state |n). At small z, $(™)

scales as ®(™ ~ z2n_ Thus:

5 1 71 Dimensional Quark Counting Rules:
F (Q ) 7 5 ; General result from
Q AdS/CFT and Conformal Invariance
where 7 = An — Op, Op = 2?21 gi. TWISt T =N _|_ L
HEP-LHC 2013 New Perspectives for Hadron Physics Stan Brodsky



Holographic Mapping of AdS Modes to QCD LFWFs

Drell-Yon-West: Form Factors awve
e Integrate Soper formula over angles: Corwolutiov O'IC LFWTFs

F(q°) 2277/016156 k) /CdCJo (CQP) p(z,¢),

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

e T[ransversality variable

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

1 1l —=x
/Oda;Jo(CQ . )—CQKl(CQ),

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

Identical to-Polchinski-Strassler Covwolution of AdS Amplitudes



Spacelike piow form factor fromAdS/CFT

| Data Compilation
| Baldini, Kloe and Volmer

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

One parameter - set by pion decay constant de Teramond, sjb
See also: Radyushkin
HEP-LHC 2013 New Perspectives for Hadvron Physics Stéa.nl Bl; ngky



week ending

PRL 109, 081601 (2012) PHYSICAL REVIEW LETTERS 24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction

J.R. Forshaw™

Consortium for Fundamental Physics, School of Physics and Astronomy, University of Manchester,
Oxford Road, Manchester M13 9PL, United Kingdom

R. Sandapen’

Département de Physique et d’Astronomie, Université de Moncton, Moncton, New Brunswick EIA3E9, Canada
(Received 5 April 2012; published 20 August 2012)

We show that anti—de Sitter/quantum chromodynamics generates predictions for the rate of diffractive
p-meson electroproduction that are in agreement with data collected at the Hadron Electron Ring
Accelerator electron—proton collider.

4 k]
Y (x, k) = - e 2rie(i-z)

ky/2(1 — )




o |nb]

PRL 109, 081601 (2012)

PHYSICAL REVIEW LETTERS

week ending
24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson

and Diffractive p Meson Electroproduction

20000 T I l 2000
15000+ ‘+' — 1500 -
10000 -8 E-% —

J: R. Forshaw,
R. Sandapen

v'p — p’p’

5000
4000

= HI1 (2000)
e H1(2010)

8 - O-L o ZEUS (2007)

25

P (x, k)

W [GeV]

(b) ZEUS

Jx(1 — x)

=
exp| —



LF( 3+ 1) e A d55 de Teramond, sjb

b(2,5,) - P(2)

¢ = \/a?(l —x)l;i e

(x,¢) = Vol —z)2¢(C)

(1 —x)

Light-Front Holography: Unique mapping derived from equality of LF
and AdS fornmuda for TM and grovitational current matrix elements
and identical equations of motion



A analytic first approximaltion to- QCD

AdS/QCD + Light-Front Holography
® As Simple as Schrédinger Theory in Atomic Physics

¢ LF radial variable  conjugate to invariant mass squared
¢ Relativistic, Frame-Independent, Color-Confining

¢ Unique confining potential!

e QCD Coupling at all scales: Essential for Gauge Link

phenomena
¢ Hadron Spectroscopy and Dynamics from one parameter

e Wave Functions, Form Factors, Hadronic Observables,
Constituent Counting Rules

¢ Insightinto QCD Condensates: Zero cosmological constant!

¢ Systematically improvable with DLCQ-BLFQ Methods

HEP-LHC 2013 New Perspectives for Hadron Physics Stéa.n. B: O:LSky
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Current Matrix Elements in AdS Space (SW) sjb and GdT
Grigoryan and Radyushkin

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

[z20§ — 2z (1 + 2/@'22*2) 0, — QQZQ] Jx(Q, z) = 0.

e Solution bulk-to-boundary propagator DV’%/&@OL
9 2
J+(Q,2) :F(1+Q—2> U(—Q,O,/@QZz)a Current
inv Soft-Wall
Model

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

['(a)U(a,b, z) = / e Fo (1 + )bt
0

e Form factor in presence of the dilaton background ¢ = K22
d
F(Q*) =R’ z_g e_’i222<1>(z)J,<,(Q, 2)®(2).

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

the external current decouples from the dilaton field.

HEP-LHC 2013 New Perspectives for Hadvron Physics Stan Brodsky
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. Lepage, sjb Q* Frr(Q? — 00) = 2f;, n
0 "
i ®
: I ’
| -7 ‘ Yk e e OoRSuUn  overPrvient prrRrrey
E 'iqfli; ’
£ /I.I jill ® Belle
L-:’ ll ®m BaBar

L ¢ CLEO
I A CELLO

F.-G.Cao, | «cccc Free current; Twist 2
| G. de Tef'am"nd9 — = Dressed current; Twist 2
sjb — Dressed current; Twist 2+4
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Light-Front Holography

* AdS,;/CFT, Duality between AdS5 and
Conformal Gauge Theory in 3+1 at fixed LF
time G.deTéramond, H. G. Dosch, sjb

Valery E. Lyubovitskij, Tanja Branz, Thomas Gutsche,
Ivan Schmidt, Alfredo Vega

* “AdS,/CFT; Construction from Collective

Fields” Robertde Mello Koch, Antal Jevicki, Kewang Jin,
Joao P. Rodrigues

* “Exact holographic mapping and emergent
space-time geometry” Xiao-Liang Qi

* Ehrenfest arguments: Glazek and Trawinski


http://arxiv.org/find/hep-th/1/au:+Qi_X/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Qi_X/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Koch_R/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Koch_R/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Jevicki_A/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Jevicki_A/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Jin_K/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Jin_K/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Rodrigues_J/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Rodrigues_J/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Qi_X/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Qi_X/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Qi_X/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Qi_X/0/1/0/all/0/1

| pion is massless in chiral limit iff
-4: p=2!

o (z) __ e k227
- ® Dosch, de Teramond, sjb

HEP-LHC 2013 New Perspectives for Hadvron Physics Stan Brodsky
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u v W\,@é/é/ de Teramond, Dosch, sjb

2 _2
U(C):K4C2+2K2(L—|—S—1) 6@(2) — e—l—li z
® 2;2 confinement potential and dilaton profile unique!
® Linear Regge trajectories in n and L: same slope!

® Massless pion in chiral limit! No vacuum condensate!

® Conformally invariant action for massless quarks retained

despite mass scale

® Same principle, equation of motion as de Alfaro, FurlanFubini,

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



http://inspirehep.net/record/108211
http://inspirehep.net/record/108211

QCD Lagrangion

Fundamental Theory of Hadron and Nuclear Physics

gluon dynamics GUALK Kinatio ensrgy * quark mass term

\‘ quark-gluon dynamics /

1 Z”f _
f=1

1DV = 10t — g A" GHY = 9rAF — 9V A — g[AF, AY]

Classically Conformal if m,=o

Yang Mills Gauge Principle: Color Scale-Invar ianF Coupling
Rotation and Phase Invariance at Renor “}allzable
Every Point of Space and Time Asymptotic Freedom
Color Confinement

QCD Mass Scale from Confinement not Explicit

HEP-LHC 2013 New Perspectives for Hadron Physics Stan Brodsky



IL NUOVO CIMENTO VoL. 34 A, N. 4 21 Agosto 1976

Conformal Invariance in Quantum Mechanics.

V. DE ALFARO

Istituto div Fisica Teorica dell’ Universita - Torino
Istituto Nazionale di Fisica Nucleare - Sezione di Torino

S. FuBINI and G. FURLAN (°)
CERN - Geneva

(ricevuto il 3 Maggio 1976)

Summary. — The properties of a field theory in one over-all time dimen-
sion, invariant under the full econformal group, are studied in defail. A
compact operator, which is not the Hamiltonian, is diagonalized and
used to solve the problem of motion, providing a discrete spectrum and
normalizable eigenstates. The role of the physical parameters present

in the model is dizcussed, mainly in connection with a semi-classical
approximation,




@ de Alfaro, Fubini, Furlan

Cho(r) >= i~ fo(r) >

New term

G=ulH+vD+ wK /

1 d? g Aduw — v?
G:HT:§( d.CIZ‘Q | | .CEQ)

x? 4
Retoing conformal irwvariance of actiow despite mass scale!
duw —v? = k* = [M]*
Identical to- LF Hamiltoniawn with unique potential and dilaton!

7 ) ® Dosch, de Teramond, sjb
1 —-4L

| | _ 2
[ ge T e TV = M)
U(C) = k*C* +2x*(L+ S —1)
HEP-LHC 2013 New Perspectives for Hadvon Physics Stan Brodsky
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dAFF: New Time Variable

2 2tw + v
T = arctan

Vauw — 12 VAauw — 12

® Identify with difference of LF time Ax*/P-
between constituents
® Finite range
® Measure in Double Parton Processes
HEP-LHC 2013 New Perspectives for Hadvon Physics Stan Brodsky
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Remawvkable Features of
Light-Front Schwodinger Eguation

® 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

® 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

UC) =rk*"CC+2:°(L+ S —1)

HEP-LHC 2013 New Perspectives for Hadron Physics Stan Brodsky
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Dirac Equation for Nucleons inv Soft-Wall AdS/QCD
e We write the Dirac equation
(aII(¢) = M) ¥(¢) =0,
in terms of the matrix-valued operator 11

1
HV(C) = —1 (dic - —g 2’Y5 — "QZC%) ;

and its adjoint I1T, with commutation relations

@ 10)] = (25— -2

e Solutions to the Dirac equation

Pi(Q) ~ 23TeT WL (522, v=1+1
Y (¢) ~ 22tre 2Ll (522,

e Eigenvalues
M? =4k*(n+v +1).
HEP-LHC 2013 New Perspectives for Hadvron Physics Stan Brodsky



Bavyor Spectroscopy from AdS/QCD and, Light-Front Holography

8- 2 ] I ]
M N(2600) * : MZ o - I =0
6 ]
] N(2250)
I N(2190) | Sh A(2420)
, N(1700) 4 -
4 N(1675) N(2220) ]
N(1650) 3 A(1930) _~A(1950) ]
i A(1920)
, | i A(1910)
l N(1720) ] 20 A1600) NOETS i
N(1680) f _ *
i N(1535) k= 0.49 GeV/ [ s k = 0.51 GeV |
: N(1520) f 1 i
~ N(940) L i L
o . :
0 1 2 3 4 5 6 O 0 : — 3 7 E
de Teramond, sjb
All confirmed
2(_'_) L 2 S 3 o _ o °
Mn,L,S = 4R (n + L A 9 | 4> ) [BUSUNGE]EETRLY resonances
from PDG
MQ(—) — 4 2 I 4 o | é . o 2012
nL.g = K" |+ LA 5 1) negative parity
See also Forkel, Beyer, Federico, Klempt
HEP-LHC 2013 New Perspectives for Hadvron Physics Stéa.nl Bl; ngky



Table 1: SU(6) classification of confirmed baryons listed by the PDG. The labels S, L
and n refer to the internal spin, orbital angular momentum and radial quantum number
respectively. The A2~ (1930) does not fit the SU(6) classification since its mass is too low
compared to other members 70-multiplet for n =0, L = 3.

SU6) S L n Baryon State
5 1 0 0 N17(940)
1o 1 N17(1440)
1o 2 N1T(1710)
5.0 0 A37(1232)
3.0 1 A27(1600
70 1 1 0 N17(1535) N3 (1520)
510 N3 (1650) N2 (1700) N3 (1675)
3211 Ni~ N3 (1875) N2~
10 A (1620) A2 (1700)
56 1 2 0 N37(1720) N57(1680)
12 1 N3T(1900) N3T
32 0 ALT(1910) A3T(1920) AZT(1905) AIT(1950)
70 1 3 0 N2~ NI~
$ 3 0 N3 N5~ N%7(2190) N5 (2250)
3 0 A3 AL
56 1 4 0 NIT N9 (2220)
3 4 0 AT ALY AT ALLT(2420)
70 L 5 0 N3~ N~
$ 5 0 NZ~ N3 N4 (2600) N+

HEP-LHC 2013

New Perspectives for Hadron Physics

PDG 2012

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

From Nick Evans

e Nucleon LF modes

b Qnr = wﬂ\/ e L (2
n .

1 2n! 202
=Onp = & vn+L+2 \/(n + L)! (PIEhe AL (R2C7)

e Normalization

/ A¢ Y2 (¢) = / dCv2 (0) = 1 CZWWW

e Eigenvalues
M727,,L,S:1/2 = 4k* (n+ L +1)

e “Chiral partners”

MpN@s3s) 3
M N (940)



Chirval Features of Soft-Wall
AdS/QCD Model

Boost Invariant

Trivial LF vacuum! No condensate, but consistent with GMOR

Massless Pion

Hadron Eigenstates (even the pion) have LF Fock components of different L=

Proton: equalprobablhty SZ — _|_1/2 LZ — () SZ — —1/2 L7 = +1
: = +1/2 < [ >= 1/2 < SZ O

Self- Dual Mass1ve Elgenstates Proton is 1ts own clural 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=o0.
No- mass -degenerate parity partners!



Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

F Q) = g. / 4¢ J(Q, Ol (O],
F QY = g / 4¢ J(Q, Ol (O

where the effective charges g4+ and g_ are determined from the spin-flavor structure of the theory.

e Choose the struck quark to have S = +1/2. The two AdS solutions ¥4 ({) and 1_ ({) correspond
to nucleons with J? = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry

FY(Q7)

[ ¢ IQ. 0w+ o)
@) = —3 [ dCIQ0) [l6+(O)F ~ ()],
where F7'(0) = 1, F7*(0) = 0.

HEP-LHC 2013 New Perspectives for Hadvron Physics Stan Brodsky
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e Compute Dirac proton form factor using SU(6) flavor symmetry

FP(Q?) = R / e

~4

V(Q, 2) ¥ (2)

e Nucleon AdS wave function

NI _ R2HE 2n/! 7/2+L p L+1 (2,2} ,—K°2%/2
+(2) = 72 (n+L)!Z ST (k%27 e

e Normalization (F1P(0)=1, V(Q=0,z)=1)

dz
4 2
e Bulk-to-boundary propagator [Grigoryan and Radyushkin (2007)]
1 . . .
V(Q,Z) = mQZQ/ o x%e_"“%%/(l_az) 1.2+ 7
o (1—w)? <
> B
O}
e Find 1 S
R@)= v o e
= _ LL
(1+%) (1+ 3%) =

with M2 — 4k2%(n + 1/2)

0 10 20 30

9-2007 2 2
8757A2 Q° (GeV?)
HEP-LHC 2013 New Perspectives for Hadvron Physics Stéa.n. B: O:LSky



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

0.5/
| G. de Teramond, sjb
ol 4 T
0 1 2 3 4 5 6
Q*(GeVv?)
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Using SU (6) flavor symmetry and normalization to static quantities

2.2012 p) 2 2.2012 2 2
8820A18 Q< (GeV?) 8820A17 Q“ (GeV?)

2I ! I ! I ! O_I ! I ! J\ ! _

ie i O
~— 1 ~—" _1 | —
QI_-LC\I CLL(\I
O - I A _2 | I | I | I
6 0 2 4 6
8820A8 Q? (GeV?) 8620A7 Q? (GeV?)
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25F

2k

%:15-
©

Nucleon and flavor form factors in a light front quark model in
AdS/QCD

0sf
Dipankar Chakrabarti, Chandan Mondal

!Department of Physics, Indian Institute of Technology Kanpur, Kanpur-208016, India.

© 1 2 3 & 5 & 71 8 ¢
| e
HEP-LHC 2013 New Perspectives for Hadvron Physics StiLnl Bl; ngky
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GH(Q%)

Q! F{(Q?)

Baryon structure in AdS/QCD

0.12

Y/ Eden ot al.(1954) + Colak et al.(2001)

@ Herberg et al.(1999) O Schiavilia & Skk(2001)
O Omrick ot a1(1999) ¢ Zhu et al(2001)

0.10 A\ Puechler et al.(1999) O Madey o al.(2003)

B Rohe ot &1.{1999)

0.08

0.06

0.04

0.02

Q* (GeV?)

Q? (GeV?)

G(@) (G (@)

Q' M)

0

-0.101

-0.15F

A njedn)
® TH(0,o'f): PWBA
B H(¢ o) FSI4MECHICHRC

i

i

0.5 1 1.5

Q* (GeV?)

0 15 2 25 0 3
Q? (CeV?)

Lyubovitskij, Gutsche, Schmidt, Vega



Flavor Decomposition of Elastic Nucleon Form Factors
G. D. Cates et al. Phys. Rev. Lett. 106, 252003 (2011)

e Proton SU(6) WF: FPi=3G.+3G_, FJ =3G,+3G_
e Neutron SU(6) WF: mo=3G1+ 3G, mo=2G4 + :G_

06

05

G (Q%) = (Hﬁ_é)l(HQ_Q)

04 - 0

031

02L

OB

0‘07 ! ! ! ! \ ! ! ! j\ \ ! | g | ! \ ! 6 ! ! |

010

010l
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Nucleon Transition Form Factors

] |

|
2
S600A16 Q? (GeV?)
Proton transition form factor to the first radial excited state. Data from JLab

HEP-LHC 2013 New Perspectives for Hadvron Physics Stan Brodsky
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Predict hadrow spectroscopy and dynamics

Excited Baryons in H

14 7 1 7

1.2+

Q4 Ff(QZ)

HEP-LHC 2013

0.20
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0.10

0.05

0.00
0

olog

raphic QCD G. de Teramond & sjb

n=3 n=2 n

n=

0

9-2009
8796A3
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Dressed soft-wall cuwrent brings inv higiher
Fock states and move vector mesovw poles

e—l-
---.).*.
B Y
€
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Higher Fock Components in LF Holographic QCD
e [Effective interaction leads to qq¢ — qq, qq¢ — qq but also to ¢ — qqq and ¢ — qqq
e Higher Fock states can have any number of extra qq pairs, but surprisingly no dynamical gluons

e Example of relevance of higher Fock states and the absence of dynamical gluons at the hadronic scale
7)) = Vq/x |90 =2 + Vqaqa| 99T r=4 + - - -

e Modify form factor formula introducing finite width: ¢ — ¢ + V2iMTD  (Pygqg = 13 %)

0.6
‘% 0.4 . cj:__:
S 5
—_ L
<] =
. S
& oz :
| ] | ] |
6 0 2 4
Smose 8620A22 q? (GeV?)
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Ruwnwning Coupling from Modifted AdS/QCD

Consider five-dim gauge fields propagating in AdS5 space in dilaton background (z) =

Flow equation

Deur, de Teramond, sjb

1
S = /d4:1: dz \/§e‘p(z) G2
4 g5
1 1 2.2
= ¢#?) or g2(z) =e "% g2(0
20 " @ 5% 5(0)

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

__ /{222

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

Coupling measured at momentum scale ())

Solution

where the coupling o

AdS

025 / CACT(CQ) @S (¢)

@SAdS(Q2) _ aAdS(O) €—Q2/4/<:2.

iIncorporates the non-conformal dynamics of confinement



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

<)

| [N ol (Q)fm =@/

- '\i y

~-.--- Modified AdS { ~ Ii|

T AdS il k= 0.54 GeV
04 - L it
o, /m (pQCD) B
- a,,,/m world data \
------- GDH limit X og,/m 14
02 7¢ a/nOPAL { ‘?
A o, /nJLab CLAS e
M o, /nHall AICLAS I r S
o - @ Lattice QCD (2004) (2007) -
‘ \ \ \ \ . \ \ L
0" ] e

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

ef — 6+/€222 Deur, de Teramond, sjb



Extensiony of AdS/QCD LF Holography

® Massive quarks
® Broken Chiral Symmetry
® Structure Functions

® Counting Rules at x -1, Duality
® Nucleon GPDs

Valery E. Lyubovitskij, Tanja Branz, Thomas Gutsche, Ivan Schmidt, Alfredo Vega
Ian Cloet, C. D. Roberts
Ruben Sandapen, Jeff Forshaw

Burkardt, Schmidt, Lepage, sjb



Light and heavy mesons in a soft-wall holographic
model

Valery E. Lyubovitskij*| Tanja Branz!, Thomas Gutsche', lvan Schmidt’, Alfredo Vega’

U Institut fiir Theoretische Physik, Universitdt Tiibingen,
Kepler Center for Astro and Particle Physics,
Auf der Morgenstelle 14, D-72076 Tiibingen, Germany

2Departamento de Fisica y Centro Cientifico Tecnoldgico de Valparaiso (CCTVal),
Universidad Técnica Federico Santa Maria, Casilla 110-V, Valparaiso, Chile

We study the spectrum and decay constants of light and heavy mesons in a soft-wall holographic
approach, using the correspondence of string theory in Anti-de Sitter space and conformal field

theory 1n physical space-time.
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Application to- Strange Hadrons
x)

2
m q

mg

m>
x)+(x

M?* = Mg + <\

T | —x
M= (GeV#) M= (GeV?)

7 6|
6_

5| o
4 4
3 3.
2

1 2|

05 1 15 2 25 3 05 1 15 2 25 3

n=0:K*(892), K*(1410), K*(1680), K*(2045) " = 0: ¢(1012), ¢(1850)
n=1:K*(1430) n=1:¢(1680)

n=2:K*(1789
( ) G. de Teramond, H. G. Dosch, sjb Preliminary



Valery E. Lyubovitskij, Tanja Branz, Thomas Gutsche, Ivan Schmidt, Alfredo Vega

Decay constants fp in MeV of pseudoscalar mesons

Meson Data [13] Our
- 130.4+£0.03+£0.2 | 131
K- 156.1£0.24+0.8 | 155
DT 206.7+8.9 167
D/ 257.5+6.1 170
B~ 193 £11 139
B} 253847 144
B. 489 +54+£3[14] | 159

Decay constants fy in MeV of vector mesons

Meson Data [13] Our | Meson | Data[13] | Our
pt 210.540.6 170 | p° 1547 4+0.7 | 120
D 24542013 [15] | 167 | w 458 +0.8 | 40
D? 27241615, [16] | 170 | ¢ 76 £12 | 58
B* 196 +24157 [15] | 139 | J/w 2776 +4 | 116
B! 2294-20"1¢ [15] | 144 | Y(1s) | 238545.5 | 56
HEP-LHC 2013 New Perspectives for Hadron Physics
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Basis Light-Front Quantigzation Approacih
to- Quawntuwm Field Theory

BLFQ

Use AdS/QCD busis functions!

Xingbo Zhao
With Anton llderton,
Heli Honkanen, Pieter Maris,
James Vary, Stan Brodsky

Department of Physics and Astronomy
lowa State University
Ames, USA




Applicatiovs to-Collider Physicy

Non-P bative Structure Functions

Fundamental understanding of angular momentum

Higher Fock States: Intrinsic Heavy Quarks

Higgs at High xF

Hadronization at the Amplitude Level

Direct Higher-Twist Processes: Violation of leading twist scaling
Collisions of Flux-Tubes: Ridge effect in p-p scattering
Multiparton amplitudes: Cluster decomposition, Jz conservation, Parke-Taylor
Multi-gluon initiated processes: Novel nuclear effects
Non-Universal Anti-shadowing

Hadronization from first principles -- at the Amplitude Level
Principle of Maximum Conformality

Connection to Pomeron (Shuryak)



d F ecm — 2
B (pp — HX) = o "2
d°p Pt

10

nexP

- o s=200/62.4 GeV PHENIX
g9 | ® Vs=900/500 GeV UA1

o em1300630 Gev CDF 2 ‘H } Photons and Jets

e s=38.8/31.6 GeVE706 |
" s=62.4/22.4 GeV PHENIX/FNAL

" = s=1800/630 GeV CDF y Te .

o 1 imomocnony T " agree with PQCD
! xt scaling
 Hadrons do not!

~ 4 \s=1800/630 GeV DO jets

X

| Arleo,Hwang, Sickles, sjb
@ Significant increase of the hadron n®® with x

o n*P ~ 8 at large x,

@ Huge contrast with photons and jets |
o n“*P constant and slight above 4 at all x,



Bawryon cawv be made divectly withinw hawd, subbprocess

Bjorken
C()alescence P Blankenbecler, Gunion, sjb
. o _ Berger, sjb
Wlthm hard Ul — p d Hoyer, et al: Semi-Exclusive
subprocess

Sickles; sjb

2
The Nucleus as a Color Filter in {QCD} Decays: ¢p($ 1, £2; CB3) X /\QCD

Hadroproduction in Nuclei.
By Stanley J. Brodsky, Paul Hoyer.

Small colov-singlet

Phys.Rev.Lett. 63 (1989) 1566. Color TV'O(/V\/é/PO(xV’W
Minimal saume-side energy
u 5. . U Explaing
"4 Baryovv

Collision cam prod 3 Nactive = O OW"OWW"IO'
collinear quarks Neff= 2Mactive = 4 qq — Bqg

\ 4

(—i neif= 8
Hoyer ,5ﬁft New Perspectives for QCD Stan Brodsky
CP3 - Origins ol ARy
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http://inspirehep.net/record/278358
http://inspirehep.net/record/278358
http://inspirehep.net/record/278358
http://inspirehep.net/record/278358

RHIC/LHC predictions

PHENIX results

Scaling exponents from /s = 500 GeV preliminary data
[ A. Bezilevsky, APS Meeting

|ll||l
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0.4

0.2—

-0.2 ; s w w w w sl ; . L .“.--1' )

@ Magnitude of A and its x, -dependence consistent with predictions

A = Nexpt — NPQCD
Arleo, Hwang, Sickles, sjb



HERMES: Two components to s(x,(Q>2)!

BHPS: Hoyer, Sakai,

I’i)\ + + oe HERMES Peterson, sjb
@ 03 —— BHPS (u=0.5 GeV)
¢ + + ++ ----- BHPS (1=0.3 GeV)
Extrinsic (DGLAP)
0.2- 0 4 strangeness!
o b / Intrinsic
ol 7 !
W. C. Chang and , | Strangeness
J .-C. Peng o Loz | 4 Consistent with
arXiV:1105.2381 Ll v LA intrinsic charm
10 data
X

QCD: —; scaling
Comparison of the HERMES z(s(x) + 5(x)) data with the Mg
calculations based on the BHPS model. The solid and dashed curves
are obtained by evolving the BHPS result to Q? = 2.5 GeV? using
= 0.5 GeV and pu = 0.3 GeV, respectively. The normalizations of
the calculations are adjusted to fit the data at x > 0.1 with statistical
errors only, denoted by solid circles.

8(37, QQ) — S(CE, QQ)eXtrinsiC _I_ S(xj QQ)iIltI'iIlSiC



Fixed LF time
Protow Self Energy 5 5 \1/9
Intrinsic Heavy Quanks L X (mQ +k7) /

Probability (QED) o += : Probability (QCD) o —
¢ : Q@
Collins, Ellis, Gu;ion, Mueller, sjb
M. Polyakoy, et al.



Fixed LF time

Protow 5 -quawk Fock State :

Intrinsic Heavy Quarks
E QCD predicty
- Intrinsic Heavy
=~ Quawks at highv k!
: Minimal off-shellness
\/

TQ X (mé + ki)1/2
Probability (QED) & Probability (QCD) « Mlé

Collins, Ellis, Gunion, Mueller, sjb
Polyakov, et al.



QCD (1/mg?) scaling: predict IC !

| Q 0.1

0.08
0.06 ¢
W. C. Chang and :
J.-C. Peng

0.04

0.02

ar X1v:1104.2381

—  BHPS
~~~" BHPS (u=3.0 GeV)
....... BHPS (u=0.5 GeV)

Hoyer, Peterson, Sakai, sjb

-
.
.
S
Y
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®

Intrinsic Charm

04 06 08

1

X

Calculations of the ¢(x) distributions based on the BHPS
model. The solid curve corresponds to the calculation using Eq. 1
and the dashed and dotted curves are obtained by evolving the BHPS
result to Q? = 75 GeV? using = 3.0 GeV, and g = 0.5 GeV,
respectively. The normalization is set at PS¢ = 0.01.

Consistent with EMC
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75.
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] Measuwwrement of Chowrw Structuwre
3 Function/!
J.J. Aubert et al. [European Muon Collaboration], “Pro-

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

First Evidence for Intrinsic Charm
Hoyer, Peterson, Sakali, sjb

.
IC+ICR /7 7/ s %
- ~ 5 -
/
i ! \ 1|
e/ / N
F 'I' ,I \ +.31(IC+ICR) ] ﬁctgr 0f30 !
-l \ ’
T
- ! \ 1
AN A _
i oIc PGF \ p—>
-,.’ ! gluow splitting \ -
104' : | ] 1
00 01 0.3 0.4

YYVYVYY

| 7y o !
DGLAP / Photon-Gluon Fusion: factor of 30 too small
Two- Componenty (separate evolution):

C(CB, QQ) — C(QZ‘, QQ)eXtrinsiC _I_ C(xy QQ)intI'iDSiC



Hoyer, Peterson, Sakai, sjb

Intrinsic Heavy-Quowk Fock States
e

B _
* Rigorous prediction of QCD, OPE - fge S
5 5
* ColorOctet Color-Octet Fock State! 22005 G

* Large Effect at high x

* Greatly increases kinematics of colliders such as Higgs production

(Kopeliovich, Schmidt, Soffer, sjb)

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

e Cannot use c(x,Q?) to determine g(x,Q2



Goldhaber, Kopeliovich, Schmidt, Soffer sjb

Intrinsic Chawrm Mechanism for Inclusive
HigJ’\ﬁX;r ‘HW?VOMLOW

>

>
>
's\ . H
\\\g
"

pp — HX

4 ol o

Also: intrinsic strangeness, bottom, top

Higgs can have > 80% of Proton Momentum!
New production mechanismw for Higgs
AFTER: Higgs production at threshold!



Intrinsic Heavy Quawk Contribution to-

50 -

40 -

10 -

0

Inclusive Higgs Production

4 (pp — HX)[f0]

LHC :v/5 = 14TeV

Tevatron :v/s = 2TeV

o2 ~
S
| ! | ! | ! | ! | ! | ! | ! | ! | ! |

o/ 080 082 084 086 088 090 092 094 09 0,98

Xe

Goldhaber, Kopeliovich, Schmidt, sjb



Kopeliovich,
Color-Opaque IC Fock state Schmidt, Soffer, sjb

interacty ovv nucleow front suurface

Scattering o front-face nucleonw produces color-singlet ccpaiv

Octet-Octet IC Fock State No- absovption of
\ small color-singlet

p S—
>
e—0
—
G (pA — J/YX) = A3 x 2 (pN — J/¢X)
HEP-LHC 2013 New Perspectives for Hadvon Physics Stan Brodsky
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pA%J/wX Zhu, sjb

(gg)Sc + 98¢ — J/w

Strong shadowing of color-
octet di-gluon <

Front Surface
dominated!

Crossing: Diffractive
& pomeron exchange

Double-gluor subbrocess



Two gluons at ¢(0.005) ~ —>= = 2600 vs. one gluon at g(0.01) ~ =>- = 800

0.005 0.01

2 | | | | lllllll | IBRERRE

- ;"' Q?g(il?,Q2> X 01_
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Hadronigation at the Amplitude Level

PH

generator S O
(kL N)

Construct helicity amplitude using Light-Front Perturbation
theory; coalesce quarks via LFWF's

HEP-LHC 2013 New Perspectives for Hadvron Physics Stan Brodsky
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QCD

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

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

® heavy quarks only from gluon splitting
® renormalization scale cannot be fixed
® QCD condensates are vacuum effects
® Infrared Slavery

® Nuclei are composites of nucleons only
® Real part of DVCS arbitrary

HEP-LHC 2013 New Perspectives for Hadron Physics Stéa.n. B: ngky

NATIONAL ACCELERATOR LABORATORY



Lessons from QED

In the (physical) Gell Mann-Low scheme, the momentum scale of the running
coupling is the virtuality of the exchanged photon; independent of initial scale.

___a(lo) T1(¢) — T(to)
O =T ) 0= g,

Example: ee-scattering

8 8
Mee—>ee — i80[(75) | ﬂ-Sa(u) e

L U

Two separate scales;
one for each skeleton graph.

e

For any other scale choice an infinite set of diagrams must be taken into
account to obtain the correct result!

In any other scheme, the correct scale displacement must be used
2 1 2 2 2
T 1 — 2 5m2
MS:G/ dx:c(l—a:‘)logmeJer( ) ane logQ
0

lOg 5 2 9

my Ty my

cagrs(e™¢%) = agm-1(¢?).




Principle of Maximum Conformality (PMC)

QCD Observables

2 2 A2 A2 2
O = Clay(12)) + B(Blog 32) | D(gg) - B g;D) -y f%’ : G(Z—%)

T |

Running Coupling
Scale-Iree : Effects Intrinsic Hea
Conformal Series Quarks vy
Higher Twist from . .
Hadron Dynamics nghE(l))gpr;lght
BLM/PMC: Absorb [-terms into running coupling
2 2
my AQ oD AQC D m
_ q
O = C(as(Q™)) + D(53) + E(—557) + F( )+ G(—)
Q) Q) m2 m
@ @
HEP-LHC 2013 New Perspectives for Hadvon Physics Stan Brodsky
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Principle of Maximum Conformality (PMC)

Sets pQCD renormalization scale correctly at every finite order
Predictions are scheme-independent

Satisfies all principles of the renormalization group

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

Shifts all } terms into o, leaving conformal series

Automatic procedure: R; scheme Xing-Gang Wu, Matin Mojaza
Leonardo di Giustino, SJB

Number of flavors nr set
Eliminates n! renormalon growth
Choice of initial scale irrelevant

Eliminates unnecessary systematic error -- conventional guess is scheme-
dependent, disagrees with QED

Reduces disagreement with pQCD for top/anti-top asymmetry at Tevatron
from 30 to 10



week ending

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

S

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

HEP-LHC 2013 New Perspectives for Hadvron Physics Stéa.n. B: O;LSky



0-Renormalization Scheme ( Rs scheme)

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

2

L 1
IHE—FE—FC

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

1n(477) —YE
This corresponds to a shift in the scale:

pars = 1 exp(Indm — vg)

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,

Hs = Hirs exp(—0) = p? exp(Indr — v — 0)

HEP-LHC 2013 New Perspectives for Hadvron Physics Stan Brodsky
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Exposing the Renormalization Scheme Dependence

Observable in the Rs-scheme:
p5(Q%) =ro + ria(p) + [ra + Bor16la(p)® + [rs + B1710 + 2Bor20 + Bgri0°]a(p)’ + - -

Ro=MS, Rinar—ny =MS = pgs exp(lndr —vg), pj, = ps, exp(dz — 1)
Note the divergent ‘renormalon series’ n!5" o

Renormalization Scheme Equation

dp
%z—ﬂ)

dp

=0 — PMC
da

ps(Q%) =ro + r1a1(p1) + (r2 + Bor1d1)as(u2)® + [rs + Bir161 + 2Bor202 + Bridilas(us)?

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

HEP-LHC 2013 New Perspectives for Hadvron Physics Stéa.n. B: O:LSky




Contributes to the pp — ttX asymmetry at the Tevatron

F ——

Interferes with Born term.
Small value of renormalizatiow scale increases asymmetry
Xing-Gang Wu, sjb

HEP-LHC 2013 New Perspectives for Hadvron Physics Stéa.nl Bl; ngky
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The Renormaligation Scale Ambiguity for Top-Pair Productionw
tliminated Using the Principle of Maximuwun Conformality’ (PMC)

Xing-Gang Wu

08t A, (M. >450 GeV) SJB

0.7

0.6

051 Experimental

4 asymmetry
<= PMC Prediction

0.4

0.3

0.2}
= Conventional guess for

renormalization scale
oL and range

0.1

Top quark forward-backward asymumetry predicted by pQCD NNLO
withinwl o of CDF/DO0 measwrementy using PMC/BLM scale setting



Conformal Template

® Self-Consistent breaking of scale
invariance--Unique Confining
Potential and Dilaton

® Non-Perturbative QCD Running
Coupling

® Principle of Maximum Conformality --
sets renormalization scale in PQCD --
result is scheme independent!

® ERBL evolution and eigensolutions
Frishman, Sachrajda, Lepage, sjb; Braun

HEP-LHC 2013 New Perspectives for Hadron Physics Stéa.n. B: O:LSky
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Raju Venugopalan

Two particle correlations: CMS results

“Discovery ™

’________\

N\

CMS Min. Bias (1 GeV < pr < 3 GeV)

”’

d) N>110, 1.OGeVlc<pT<3.OGeVlc

—
eI 0 EEEN EEEE BN N

B e p—

7’

€ Ridge: Distinct long range correlation in n collimated around A®= 0
for two hadrons in the intermediate 1 < p, g <3 GeV



Possible orvigin of saume-side CMS ridge invp p Collisions

Bjorken, Goldhaber, sjb

/ \ / Emitted
Quark-Gluon Hadrons
Plasma
— - "~ HighPt
Highest dgl\:l b
D
\ / N

N
V = Z[COS 20;T + sin 2¢;7|

1=1



Possible multipouwticle ridge-like
correlations inv very highv muldtiplicity
broton-proton collisions

Bjorken, Goldhaber, sjb

We suggest that this “ridge”-like correlation may be a
reflection of the rare events generated by the collision of
aligned flux tubes connecting the valence quarks in the wave

functions of the colliding protons.

The “spray” of particles resulting from the approximate line
source produced in such inelastic collisions then gives rise to
events with a strong correlation between particles produced

over a large range of both positive and negative rapidity.



de Téramond, Dosch, sjb

Light-Front Holography

Light-Front Schrodinger Equation Unique
4 ~2 2 fiwg’iwww Potential!
U(() =rC+2:°(L+S5—1)

Confinement scale:

@ de Alfaro, Fubini, Furlan:

Conformal Symwmetry

of the action
Kk~ 0.6 GeV -

1/k~1/3 fm

Scale can appear in Hamiltonian and EQM
without affecting conformal invariance of action!



AdS/QCD and Light-Front Holography

® Light-Front Holography
® LF Schrodinger Equation

® Color Confinement -- Unique Potential, Unique
dilaton

® Single scheme-independent mass scale < ~ 0.6 GeV/

® Retains conformal invariance of chiral QCD
action

® Condensates -- A new view

® QCD: Zero contribution to the Cosmological
Constant

HEP-LHC 2013 New Perspectives for Hadron Physics Stéa.n. B: ngky
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AdS/QCD and Light-Front Holography

J+ L
M%,J,Lzél/g(n | ; )

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

® Form Factors at high Q?: Dimensional
counting Q"' F(Q?*) — const

® Space-like and Time-like Meson and Baryon

Form Factors i
Q%

® Running Coupling for NPQCD s (QZ) X € 4r?

® Meson Distribution Amplitude ¢.(z) x frv/z(1 — z)

HEP-LHC 2013 New Perspectives for Hadron Physics Stéa.n. B: O:LSky
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An analytic first approximation to QCD
AdS/QCD + Light-Front Holography

® As Simple as Schridinger Theory in Atomic Physics

¢ LF radial variable ( conjugate to invariant mass squared
¢ Relativistic, Frame-Independent, Color-Confining

¢ Unique confining potential!

¢ QCD Coupling at all scales: Essential for Gauge Link

phenomena
e Hadron Spectroscopy and Dynamics from one parameter

e Wave Functions, Form Factors, Hadronic Observables,
Constituent Counting Rules

¢ Insightinto QCD Condensates: Zero cosmological constant!

¢ Systematically improvable with DLCQ-BLFQ Methods

HEP-LHC 2013 New Perspectives for Hadron Physics Stéa.n. B: ngky
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New Perspectives for QCD

® Light-Front QCD and Holography
® Unique Color Confinement Potential
® Principle of Maximal Conformality

® Non-Universal Anti-Shadowing and other Novel Nuclear
Effects

® Lensing effects and Factorization Breaking
® Direct and Multiparton Processes

® Heavy Quark Distributions and Novel Higgs Production
Mechanisms

® Ridge Correlations at the LHC

® The QCD Vacuum and the Cosmological Constant

Hoyer Fest
Nove!beer, 2013 N&/U P@Vép@df/\/%ﬁ)‘y‘ QCD Stan BrOdSky
CP3 - Origins sL’é\G
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Novel QCD Phenomena and New Perspectives for
Hadronw Physics from Light-Front Holography
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