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Regge Theory Revisited

The Workshop is dedicated in memory of Tullio Regge who passed
away on October 23, 2014.

He discovered the role of complex angular momentum singularities.
Named after him, Regge poles and cuts, determine asymptotic behavior
of relativistic scattering amplitudes, and the discovery led to the most
successful phenomenology of high energy collisions.
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Need av First Approximation to- QCD

Comparable in simplicity to
Schrodinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining



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

Scattering School )
University of Indiana ~ Scoltering Theory and LF Quantizatiovw Sta;l.Bl;oiSky
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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 °



Some fealfures of- Aa

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

baryons
® Chiral features for m,=0: mx=0, chiral-invariant proton
® Hadronic Frame-IndependentWavefunctions

® Counting Rules for fall-off in momentum transfer

MS

e Connection between bhadron masses and

Superconformal AdS Light-Front Holographic QCD:

Meson-Baryon Mass Degeneracy for Ly=Lg+1
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Superconformal Algebra
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M?(n,Lg) =4k*(n+ L + 1)

5+
N - (1680)
2

7

N —
2

0 +
N Z (2200)
2

Meson-Baryon

Mass Degeneracy
for Ly=Lp+1




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

Meson-Baryon
Mass Degeneracy
for Ly=Ls+1

$=0, I=1 Meson is “superpartner” of S=1/2, I=1 Baryon
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Reggeon Exchange in the t-channel

s+t4+u=2M>+2Mf

Mp ~ SaR(t)FR(t)%[e_maj(t) T 1]

Need Hadron Wavefunctions EECLLUGC o



Light-Front Wavefunctions: rigorous representation of composite

systems in quantum field theory

Fixed T=t+4 z/c

Pt = pO0 4 pz '

W (x4, k iy Ay

Inwawiant under boosty! Imde/pe/mde/ntofPu

Doi T =

> ki ;=0



Measurements of hadron LF
wavefunction are at fixed LF time

Like a flash pbhotograph




tach element of
flash photograph
itUuminated

along the light front
at a fixed

T=1t+4+2z/c

Evolve inv LF time




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



Dirac s Amaging Ideo:
The “Front Form’”

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

Evolve in
light-front time!

Evolve in
ordinary time A

Act o=ct—z ‘ct T=t+4+z/c

Instant Form Front Form

Boost Irnwawriont!




Angular Momentuwm o the Light-Front

LC gauge A+=0
Z Conserved
J: Z Si T Z L LF Fock state by Fock State
i—1

Gluon orbital angular momentum defined in physical Ic gauge

n-1 orbital angular momenta

k>

/; —1(k] 0k3 j akl)

Orbital Anguldr Momentum 15 a property of LEFWFES

Nongero-Anomalous Moment -->
Nongero- quawk orbital angular momentum/



< p-+ C]‘]_I_(O)‘p > = Qp_l_F(qQ) Interaction

picture
Fixed T=t+ z/c

Form Factors are

Overlapy of LFWFs

struck lg’“ =k, + (1 —x3)q1

Drell &Yan, West R —
Exact LF formula spectdtors kj_ i = k 1i — CBiCTJ_
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txact LT formudav for Yauw rovmv ractor

Z/ dil? dzkj_ Zej 2o« Drell, sjb

[—Q—Lwl*(xza 13 )wl(xzakJ_zv ) wl*(xw 1 Z)wl(x“kj‘z’)\z)}

Fz

=k —wqy =k (1 —2)aL
A R, = q° £ iq"
—~  (+) -
XjoKpj Xjo Ky j+a;
A

' —

- { =
Py, S,= " 1/2 p+aq, S,=1/2
Must have A¢, = +1 to have nonzero F»(g?)

Nongero-Proton Anomalous Moment -->
Nongero-orbital quark angular momentum
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Calculation of Form Factors inv Equal-Time Theory

Instant Form

I
I |
|
+
- 11
Need vacuum-induced currents

Calcudatiov of Form Factors inv Light-Front Theovy

Front Form
+ zero!!
Comblete Answer Absent for g 0
Scattering School No-vacuuum g/t/‘a/pM
University of Indiana Scattering Theory and LF Quantizations  Stan Brodsky
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Calcudation of protov form factor invv Instant Form

<p+q|J"(0)[p> i S
p p+q p pt+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

Scattering School .
University of Indiana Scattering Theory and LF Quantigation Sta::.Bl;OiSky
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Other Features of Light-Front Wawvefunctions

¢ Cluster Decomposition Theorem

® Zero Anomalous Gravitomagnetic Moment

¢ Angular Momentum J=

¢ JzMomentum Sum Rule

* Bethe-Salpeter WF integrated over k-

¢ Electron WFs reproduce pQED results

¢ Parke-Taylor (Stasto)

* Gauge Dependent WF but observables are GI

e Stable hadron: Real LFWF



Ligh'r-Fr'on‘r Wave Function Overlap Representation
DVCS/GPD .., ..

Diehl, Hwang, sjb, NPB596, 2001

DGLAP
See also: Diehl, Feldmann, Jakob, Kroll region
. 2 s
% A N 1+¢
¢, “’/
- A - FAN
k=K 5 k= k+ 5
* * ERBL
/( )\ region
P=P+? | P=P f
DGLAP
region
Bakker & |JI
Lorce
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® LF wavefunctions play the role of Schrodinger
wavefunctions in Atomic Physics

® LFWFs=Hadron Eigensolutions: Direct Connection to QCD w P \
Lagrangian n (@i, k1 Ai)
® 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, FSls

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

® Hadron Physics without LFWFs is like Biology without DNA!

Scattering School .
University of Indiana Scattering Theory and LF Quantigation Sta‘l:lBr‘Oisky
June 11, 2015 e iy ST O8



- Hadron Physicsy without LFWFs is like Biology without DNA!

Wi (x5, k4, Ai) LY
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txact LF Forwu/tlwfor Paulli Form Factor
Z/ [da][d°k ] Zej — X Drell, sjb

. .
- Q—Lwl (24, K14y i) Vg (25, ki, M) + q—RWL (2, K M) ) (2, K, Ai) |

Fz

qu; =k, —zq1 k,J_j — kJ_j + (1 — Zlij)(h_
A R, = q° £ iq"
~ (+) —- -
Xjo Ky Xjpo Ky j+ay
A

' —
Py, S,= " 1/2 p+aq, S,=1/2
Must have A¢, = +1 to have nonzero F»(g?)

Nongero Protonw Anomalous Moment -->
Nongero-orbital quawk anguwlar momentum



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

"Working with the light front is a process that is unfamiliar to physicists.

But still I feel that the mathematical simplification that it introduces is all-important.

I consider the method to be promising and have recently been making an extensive study of it.

It offers new opportunities, while the familiar instant form seems to be played out " -
PA.M. Dirac (1977)

28



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




The two-particle Fock state for an electron with J* = —|—% has four possible spin

combinations:
T g -
|lptw0 particle(P+’ P = OJ_))
d2kydx [ 4 A )
N ki)|+5 +1; xPt k
NI A LR AR LR

(X,I_C)J_){—% + 1; xP+, I_C)J_>

+wj%_1(x,lh) +5—1; xPY, lzﬁ-l-lﬁi%H

eyl (RS- Pt )
2

" - (ki)
w+%+1(x, kL) =—V2 x(1—x) 7 Jo=+3
" - (+k! +ik?)
ol ) = -ﬁ(M_ g)%
R . J1 —
kwjl_l(x,h)=0, (p:go(x,kL): ¢/ a

M2 — (k2 +m2)/x — (k2 +22)/(1 —x)

Hwang, Schmidt, Ma, sjb



F2(q%) =

—2M

(q' —ig?)
_ 27 . .
2M ddex T* i )w¢1_1(x’kl)

@i ) TTemr Ve
+WT%_H(X,]_€)3_)1ﬁi%_H(X,]_€)J_)]
dk, d M R R
_4M/ 1623X(m (e B0 (e KoL)

_ 4Me2/ dede (m—xM)
1673  x(1 —x)

<‘I/T(P+ PJ_ —qL)}Wi(P—i_ PJ_ _OJ_)>

1

M2 — ((kp + (1 —x)§1)2 +m?)/x — (kL + (1 —x)G1)2 +22)/(1 — x)
y _ b | (30)
M2 — (k5 +m2)/x — (k? +22)/(1 — x)

X




The anomalous moment is obtained in the limit of zero momentum transfer:

F(0) = 4M z/dzlﬁdx (m — xM) !
2V) = ¢ 7 7
1673 x(1—x) [M2— (ki +m?)/x — (ki +22)/(1 —x)]?
1
B Mezfd m—xM (32)
T ] 7 e 2

which is the result of Ref. [8]. For zero photon mass and M = m, it gives the correct order

a Schwinger value a, = F,(0) = a/2n for the electron anomalous magnetic moment for
QED.

e — FQ(O) — a2

C2m

Simpler thaw Feynman/Schwinger

. . . 8" o
Anomalous gravitomagnetic moment vanishes: 31 3T 0



Light-Front Wavefunctions

Dirac’s Front Form: Fixed t=1r+z/c

_—E (i ki, Ni) =t

Invariant under boosts. Independent of P’

QCD

Wy >= M|y >

Direct connection to QCD Lagrangian

Remarkable new insights from AdS/CFT,
the duality betweew conformal field theory
and Anti-de Sikter Space



Diffractive leptoproduction of vector mesons in QCD

Stanley J. Brodsky (SLAC), L. Frankfurt (Tel Aviv U.) , J.F. Gunion (UC, Davis) , Alfred H. Mueller (Columbia U.) , M. Strikman (Penn State U.)
Jan 1994 - 34 pages

Phys.Rev. D50 (1994) 3134-3144
DOI: 10.1103/PhysRevD.50.3134
SLAC-PUB-6412, CU-TP-617, UCD-93-36
e-Print: hep-ph/9402283 | PDFE

V() e

® Factorization Principle

® [ FWave Function, Distribution Amplitude

® 5, 1/Q%dependence, oL/oT


http://inspirehep.net/author/profile/Brodsky%2C%20Stanley%20J.?recid=371342&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22SLAC%22&ln=en
http://inspirehep.net/author/profile/Frankfurt%2C%20L.?recid=371342&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Tel%20Aviv%20U.%22&ln=en
http://inspirehep.net/author/profile/Gunion%2C%20J.F.?recid=371342&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22UC%2C%20Davis%22&ln=en
http://inspirehep.net/author/profile/Mueller%2C%20Alfred%20H.?recid=371342&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Columbia%20U.%22&ln=en
http://inspirehep.net/author/profile/Strikman%2C%20M.?recid=371342&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Penn%20State%20U.%22&ln=en
http://dx.doi.org/10.1103/PhysRevD.50.3134
http://arxiv.org/abs/hep-ph/9402283
http://arxiv.org/pdf/hep-ph/9402283.pdf

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



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 L1
vz, k1) = - e 2riz(l-z)

ky/2(1 — )

See also Ferreira
and Dosch



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

a1
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@H [T imae l (b) ZEUS
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See also Ferreira
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1 ny B ny )
KQCD = —ZTT(G'LWGILW) + ZZ\IJfD“’)/M\IJf + me\lfquf
f=1 f=1
1 —_ a.l. 2 2
H ég 5 =3/ oyt WM T A4(10%)2 A0 "
1o i

Pt

+}g{/J%$2112$
2 10+

+g/ﬁ%EZJ

+2g / d*aTr (1044 |4,

_—

Ay

Physical gauge: AT =0

)




LW-FVW QCD Physical gauge: AT =0

Exact frame-independent formulatiow of
nonperturbative QCD!

LQC’D HQCD %%kz\
QCD m’ + k2 int S
Hpp™ = Z[ ]z - H @

. L _
(} p.s k,A
HY: Matrix in Fock Space ) Ak
VW
CD K,A b p,S
Q |\Ifh >= ./\/l ‘\Ifh > ®

p, J. >= an ikl Ao @s ki, N > §

tigerwalues and Eigensolutions give Hadronic Spectrum
and, Light-Front wawvefunctions

LEWFs: Off-shell in P- and invariant mass m% :‘@z



LIGHT-FRONT MATRIX EQUATION

Rigorous Method for Solving Non-Perturbative QCD!

(M§ -3 kijm?)

1

-

s
=

—

i wq&',"ﬂ ]

t’bﬁﬁﬂf v —

0

0 ~

C {qal V |q7)

{49V |q39)
(q91V lqq) ({qq9lV lqgg} ---

3
al

J b _

Minkowski space; frame-independent; no-fermion doubling; no-ghosts

- Light-Front Vacuuwm = vacuuwm of free Hamiltonion/!




Li -Front QCD DLCQ: Solve QCD(1+1) for any
‘ght < QCD|\IJh> }QL W) quowk maoss and flavors

Heisenberg Equatiovn L.
gtq Hornbostel, Pauli, sjb
KA 1 2 3 4 5 6 7 8 9 10 1 12 13
JQ/ZLL\ n  Sector qQ a9 qag qaqq 999 adg9 | 99949 | 99qdqd | 9999 | 99999 | 99adgg {adqqqdg|gqaqqqad
_ 1 qq I .
p,s’ p,s .E
(a) 2« e |
3 qqg . .
B,S' k,}\‘ >-N M{ >E
ey AVAVAVAVAVAVS d ad . .
1 4 qdqq I »y{;
’_\/W\F—*— 5 999 }M ”“< WE )
K,A p,s
(b) 6 dgg 3 E | T
7 qdqag . . I »<
p,s p,s
> > 8 quagqq . . . I
§ 9 g9gg . ;%M . }M .
Ko’ ko 10 dgogg | - . ;F ;}W w<
(c) .

1 qigdeg | - - - S

12 qaqiqag| - : : :

’"w{ ,@j 13 qdodqaaal - . . . . . . . . . >vw
Minkowski space; frame-independent; no-fermiow doubling; no-ghosty

trivial vacuuumy




Hornbostel, Pauli, sjb

DLCQ: QCD(1+1) - SU(3) Baryon
m/g = 1.6
T T T T 1 L | T L | T I T T T 1 T
"~ (a) o g-9-q qq{x10%) [ () o g-g-q gq(x102) 7
1.0 ® q-a-9 ® q-9-q i

0.5
N
4
x O 0 4
o = — - e 6 -
~ (c) © ¢qq Q'q(’(1°2) - (d) s.q 3 (x5x102)
1.0 | ® 399 + 0%aq @ X 13
a 6-q q-q(x107)
- (dl d) 2
0.5 |
1
0 | | . 0
0 0.2 0.4 0.6 0.8 0 01 02 03 04 05 08

X = kKiIK EOBEAS

a-c) First three states in N =3 baryon spectrum, 2K=21. d) First B = 2 state.



Light-Front Pertuwrbative QCD

® CalculateTmatrix 1 =V 4+V——T
D + 1€

_ 2 2
D = Mz’nitial - Minte'rmed,iate
Sum over intermediate states

All propagating particles have positive k™ = k° + k3 > 0

Scattering School .
University of Indiana Scattering Theorvy and LF Quantizatiov Sta:IBr‘o:ifky
June 11, 2015 e iy ST O8



PHYSICAL REVIEW D VOLUME 22, NUMBER 9. 1 NOVEMBER 1980

Exclusive processes in perturbative quantum chromodynamics

G. Peter Lepage
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853

Stanley J. Brodsky

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
‘ (Received 27 May 1980)

We present a systematic analysis in perturbative quantum chromodynamics (QCD) of large-momentum-transfer
exclusive processes. Predictions are given for the scaling behavior, angular dependence, helicity structure, and
normalization of elastic and inelastic form factors and large-angle exclusive scattering amplitudes for hadrons and
photons. We prove that these reactions are dominated by quark and gluon subprocesses at short distances, and thus
that the dimensional-counting rules for the power-law falloff of these amplitudes with momentum transfer are
rigorous predictions of QCD, modulo calculable logarithmic corrections from the behavior of the hadronic wave
functions at short distances. These anomalous-dimension corrections are determined by evolution equations for
process-independent meson and baryon “distribution amplitudes” ¢(x,,Q) which control the valence-quark
distributions in high-momentum-transfer exclusive reactions. The analysis can be carried out systematically in
powers of a, (Q%), the QCD running coupling constant. Although the calculations are most conveniently carried
out using light-cone perturbation theory and the light-cone gauge, we also present a gauge-independent analysis
and relate the distribution amplitude to a gauge-invariant Bethe-Salpeter amplitude.
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Recursion Relations and Scattering Amplitudes invthe Light-Front Formalism
Cruz-Santiago & Stasto

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

[
klv )‘1
OO kZa >‘2
|
I k
|
: k o"'":: k;
(1...4) Q500X
: . ..o'“““o,. .
— k 17 ... ....
Thn+1 = (12...n+1) <Q Q0 e,
.."’Onno ".““.. Rite

no.," k

|
|
|
! E(it1..nt1)
: n+1

Parke-Taylor amplitudes reflect LF angular momentum conservation

k. k;
(i) = mm“(i—i}

i Zj



Hadronigzation at the Amplitude Level

Event amplitude
generalor

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



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
W, (xi,k 11, A)

T
Yyvy

are boost invariant; they are independent of the hadron’s energy
and momentum P,
The light-cone momentum fraction

il

kK KAk R
xz—p+—P0_'_PZ p \_,_|é —
are boost invariant. y
Intrinsic heowy guowks S o
Y q . ‘i(x) 7 s(z) Fivods LF time
s(x), c(x), b(x) at bigh x !|| u(x) # d(x) T=t+2z/c

Deuterov: Hiddew Color



Hidden Color in QCD

Lepage, Ji, sjb

* Deuteron six quark wavefunction:

* 5 color-singlet combinations of 6 color-triplets — one state
is In p>

* Components evolve towards equality at short distances

* Hidden color states dominate deuteron form factor and
photodisintegration at high momentum transfer

¢ Predict

Ccli_(:(yd _ A++A—) ~ ‘Cll_(t’(yd — pn) at high Q2



W (4, i \)

Transverse density in
momentum space

Transverse

rPT

Longitudinal

o Light Front Woawefunctions:

Z, kJ_, b_]_

Momentum space kJ_ NN Position space

—

AJ_HEJ_

Transverse density in position
space

Lorce,
Pasquini

—>— fd2bJ_

—— [dx

+ Factorization-Breaking Lensing Corrections: Sivers, T-odd / d*k 1L



QCD and the LF Hadron Wavefunctions

Initial and Final State
Rescattering
DDIS, DDIS, T-Odd

Baryon Excitations

Non-Universal Antishadowing

Heavy Quark Fock States
Intrinsic Charm

P

_’
Wn (CUZ, kJ_’lJ )\’I/) Orbital Angular Momentum
Spin, Chiral Properties
Crewther Relation

P

Hard Exclusive Amplitudes
Form Factors
Counting Rules

Nuclear Modifications
Baryon Anomaly

Color Transparency Baryon Decay

5I



W (24, k145, \i)

o LF wavefunctions play the role of Schréodinger wavefunctions in Atomic Physics
o LFWFs=Hadron Eigensolutions: Direct Connection to QCD Lagrangian

® 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,
FSls

o 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!

Scattering School .
University of Indiana Scattering Theory ond LF Quantigations  Stan Brodsky

June 11, 2015 RE O



Reggeon Exchange in the t-channel

s+t+u=2M}+2Mj

MR ~ SaR(t)FR(t)

[e_iwaR(t) T 1]

1
2
Signature factor C = +1



easiest to compute u-channel exchange

S

Kt

Analog of
(electron) spin
exchange in
atom atom
scattering

/

p
Constituent Interchange Model (CIM)

Blankenbecler, Gunion, sjb (1972)



L M2 M2 +q7
Pr=(PY PP = (PY52.00)  PY = (P )
Remawkable Light-Front Frame Ideal for
QCD factorigatiow proofs

Bj: “Fool’s ISR Frame” Single A+=0 Gauge



P2+ M Vs PR M?
pm =L pr = [Pt LS By
(L)’ =-t (FL)’=-u qL-7L=0

0

s=(p+K)?=M2+M}+ P (Pg+Py)-20v K,
= M. + My + PT(Pg + P))
=2M] +2My —t —u

Scattering School .
University of Indiana Scattering Theory and LF Quantigation Sta:.Bl;OiSky
June 11, 2015 e iy ST O8



CIM: Blankenbecler, Gunion, sjb

Kt 5 KTt
— v do _ |M(s,t)|?
U % dt 82
— /d N N, 1
, W v, M (t,u)interchange 12
u

M(s,t) A+B—C+D

1
2(27.)3[( kf _‘—;?A‘Pc(ﬁ "'"rJ.y‘)‘PD(k +(1 = x)Q.L,xWA(k -Vr¢+(l"x)QL,"7)¢’s(kL,x)

A:S—Zkﬂw'm

. 1
1

2

Agrees with electron exchange in atom-atom scattering
in nonrelativistic limit



Ktp— K'p

| | r
5 A 7710 Gevrc ’
0% 1= O K’ 10 Gevi = N AdS/CFT explaing why
o KY5 Geve quawk inferchange is
dominent
Quark Interchange ) )
o + M (t,u)interchange X 3 interaction at highv
& momentuun tronsfer
R j inv exclusive reactions
-
S 1
5 M (t, U)interchange X 2
5
do 1
“(Ktp = K1)
dt (K7p ) s2u2t4
00 — : :
2 Non-linear Regge bebavior:
ap(t) — —1
1 |
w 0 " do F6o)
cos Ge.m. — (MB — MB) = ——5= at fixed fcn,

Test of Quawk Interchange Mechanism



CIM: Blankenbecler, Gunion, sjb

K+ 3 KT
————— e —_—
M‘
/

Quawk Interchange
(Spirvv exchange inv atow-
atow scattering)

KT KT
« | |
lg 19
' |
—— | o
p | - p
Gluonw Exchange
Loandshoff

do _ |M(s,t)|?

dt

1

M (¢, w)interchange wt2

g2

M (s, t)gluonexchange o sF'(t)



VOLUME 60, NUMBER 12 PHYSICAL REVIEW LETTERS 21 MARCH 1988

Comparison of Exclusive Reactions at Large ¢

B. R. Baller,® G. C. Blazey, ®) y, Courant, K. J. Heller, S. Heppelmann, © M. L. Marshak,
E. A. Peterson, M. A. Shupe, and D. S. Wahl @
University of Minnesota, Minneapolis, Minnesota 55455

D. S. Barton, G. Bunce, A. S. Carroll, and Y. I. Makdisi
Brookhaven National Laboratory, Upton, New York 11973

and

S. Gushue® and J. J. Russell

Southeastern Massachusetts University, North Dartmouth, Massachusetts 02747
(Received 28 October 1987; revised manuscript received 3 February 1988)

Cross sections or upper limits are reported for twelve meson-baryon and two baryon-baryon reactions
for an incident momentum of 9.9 GeV/c, near 90° c.m.: z5p—pr T pp* ata* K+ x* (AYZO)KO,
K*p—pKk7?, prtp—pp*. By studying the flavor dependence of the different reactions, we have been
able to isolate the quark-interchange mechanism as dominant over gluon exchange and quark-antiquark

annihilation.
«*s s kT d d K°
, . u u S
T p— pr™, \
|
KiP“"PKi, u u l u S °
P u u p P u u A
Tnp—pp—, d GeEx d : d ANN d
ntp—ntAT, KTs s k't 777 d d K°
+ u u l u S
n"p——»K+Z—, |
3 A0E0 500 u u I u S o
7 p— AKLEKS P U upP | Pd d A
d QIN d u COM u



VoLuMme 41, NUMBER 19 PHYSICAL REVIEW LETTERS 6 NOVEMBER 1978

Precise Tests of Triple-Regge Theory from #° and % Inclusive Production
in 100-GeV/c = + p Collisions

A. V. Barnes, G. C. Fox, R. G. Kennett, and R. L. Walker
California Institule of Technology, Pasadena, California 91125

and

O. I. Dahl, R. W. Kenney, A. Ogawa, and M. Pripstein
Lawvence Bevkeley Labovatovy, Berkeley, Califovnia 94720
(Received 21 August 1978)

We present data on 7 and n inclusive production from 100-GeV/c w*p collisions in the
kinematic region x = 0.7 and 0 <—£ =4 (GeV/c)?. The results are in excellent agreement
with the predictions of triple-Regge theory and we have extracted the p and A, trajector-
ies out to =t =4 (GeV/c)?.

V.o

0.0
alt)

-0.5

a,(t) from 7~ p — 7 X with 0.71 < zp < 0.98



8.00 &

P T T °T T 1T 1
7.00 —
4
Y .00 e 15(2510) | a(t)
as(2450)
o a(t) from Fit
~  5.00 + P5(2350) :
£ - % -
3 f4(2050) '
- 4.00 . 2, (2020) 0 *<
o
—_ 7 —
7
00 " 2,38;(7)8; -2 7/ Straight line through |
, ) ,/ points corresponding
2.00 o« f2(1270) 4 to p and g mesons -
/" a,(1318)
/ -4 ]
100 & P(770) é a*(t) from Table |
(782) / —
0.00 [ ¥ { { + t { 1 1|
0.00 2.00 4.00 6.00 8.00 10.0 -4 -2 -0 -8 -6 -4 -2 O
2 t (Gev?)
m (GeV 2)
DOoE | [ C
Desgrolard et al. ‘00 (PDG,RPP data) hegge mﬁ@f”h honlinear
for spacelike momenta

t > 0: spectrum (s-channel pole)

Oleg Andreev & Warren Siegel Barnes et al. ‘76 (Fermilab data)

Scattering School .
University of Indiana ~ SColttering Theory and LF Quantizationw  Stan Brodsky

June 11, 2015 RE O



Leading-Twist Contribution to-Real Pout of DVCS

Close, Gunion, sjb
Szczepaniak, Llanes Estrada,sjb ~ LF Instantaneous itnteraction

Origin of ‘D-Term’
in QCD

s-independent

‘J=0 fixed pole’

Damashek, Gilman

Analytic continuation

inor



Regge domain virtual Comptow Scaltering
M(v*p — p) ~ s*FUBR(L)  s>>-1,Q°

ar(t) ar(t) — 0 at t — —oo
l J=0 fixed pole
L.O Reflects elementary coupling
0.5 of two photons to quarks
1
_0'51'_ t Br(t) ~ 2
ap(t) = 0att— —oco 17

2
Ccll—(;(v*p — yp) — S%ﬁ%(t) ~ # ~ 8% at fixed g, @

Fundamental test of QCD



Test of BBG Quawk Interchange Mechanism
ivwv pp — pp

PLaB
7 — \PP — Pp) X

o 2.1 dt( ) 82u4t4
R x 14,25

o 16.9

A 193 -

e 21.3

c o1l do F(Ocm)

v 10 ] E(pp —>pp) <10 at fixed 6.,

* 9.2

a7 |




PHYSICAL REVIEW D 79, 033012 (2009)
Local two-photon couplings and the J = 0 fixed pole in real and virtual Compton scattering

Stanley J. Brodsky™
Theory Group, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, 94025 Menlo Park, California, USA

Felipe J. Llanes-Estrada’
Departmento Fisica Teorica I, Facultad de Ciencias Fisicas, Universidad Complutense de Madrid, 28040 Madrid, Spain

Adam P. Szczepaniak™

Department of Physics and Nuclear Theory Center, Indiana University, Bloomington, Indiana 47405, USA
(Received 5 December 2008; published 20 February 2009)

The local coupling of two photons to the fundamental quark currents of a hadron gives an energy-
independent contribution to the Compton amplitude proportional to the charge squared of the struck
quark, a contribution which has no analog in hadron scattering reactions. We show that this local
contribution has a real phase and is universal, giving the same contribution for real or virtual Compton
scattering for any photon virtuality and skewness at fixed momentum transfer squared 7. The ¢ dependence
of this J = 0 fixed Regge pole is parameterized by a yet unmeasured even charge-conjugation form factor
of the target nucleon. The ¢ = 0 limit gives an important constraint on the dependence of the nucleon mass
on the quark mass through the Weisberger relation. We discuss how this 1/x form factor can be extracted
from high-energy deeply virtual Compton scattering and examine predictions given by models of the H
generalized parton distribution.



Counting Rules:

d_O' — F(Qcm) = E2
¢ G(st) = Teot-21 "

D
Fir(Q?) ~ [
Ntot = NA +NpB+nc+np

Farrar & sjb;
Fixed t/s or cosfcm Matveev, Muradyan, Tavkhelidze

pQCD predicty the leading-twist
scaling behawvior of fixed-CM angle
exclusive amplitudes
S, —t >> m?
Non-Perturbative Proof from AdS/CFT: polchinskiand Strassler



- + do _ F(Ocum) — o —
Quawk-Cownting ! 92 (pp — pp) = £ n=4x3-2=10
1 1 1 1 1 LI L I _F 1 | | LR L I 1 Li LI
1030} 1030
° 68°
109 |- g0° 75 oo
ol low  Best Fit
10-33k —1033 n — 97 :l: 05
Ccm?

% _10‘34
oL 5 Reflects
. s underlying

50 43 conformal

107 38 1o scale-free
1039} 410 interactions
10-34 [ N | Lo L1 11 ] L1 i ¢ 1 10—34

s>15 20 3040 60 B0 s—»15 20 3040 60 80 s-15 20 30 40 60 80

Gelz P.V. LANDSHOFF and J.C. POLKINGHORNE
Scattering School ) Stan Brodsk
University of Indiana ~ SColtering Theovy and LF Quantizatiow an Brodsky
June 11, 2015 68 D Lo o



do/dt [nb/(Gevre)2]
o
N

Counting Rules: w=9 - 2 =7

T T T T T T 1

yp—"7T+ N
(g*~90°)

e SLAC
o MIT Ref. 21
x CIT Ref, 22
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Scaling behavior in exclusive meson photoproduction from Jefferson Lab at large
momentum transfers

do/dt (ub/ GeV?)

[ vyp—o K'x°

6.5 7 7.5
s (GeV?

(a)

of

do/dt x s (ub GeV™)
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S S G | l
Q4FP<Q2) [GeV4 0.8} ;g L ! 1
n—1
0.6 5 Q%) ~ [1/Q°]" ", n=3
v measured, ivv
N | electrovn-proton
' I elastic scattering

5 10 15 20 25 30 35
2 2
Q [GeV~] From: M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).

e Phenomenological success of dimensional scaling laws for exclusive processes
—2
do/dt ~1/s"“ n=ns+ng+nc+np,

implies QCD is a strongly coupled conformal theory at moderate but not asymptotic energies
Farrar and sjb (1973); Matveev et al. (1973).

e Derivation of counting rules for gauge theories with mass gap dual to string theories in warped space

(hard behavior instead of soft behavior characteristic of strings) Polchinski and Strassler (2001).



Exclusive Processes

What if we ask for a specific final state?

S = (Ee+ —I— Ee—)Q

R(eTe™ — HH) x |F(s)|?

F(s)] o< [5]ma !

P
Probability decreases with number of constituents!



Lepage, sjb; Efremov and Radyushkin

K" g M " Kt
| pQCD .
dr(x, QZ) " Factorization | DK ( T, Qz )

Quark-Gluon
Scattering
Amplitude

/

e .
M = /deidyibe(iU,Q)XTH(%%QW}(%Q)

Distribution Amplitudes
(gauge and frame-independent)



PQCD and Exclusive Processes  o.oss,,
M = /H dz;dy;pp(x, Q)X Ty (xi, yi, Q)1 (i, Q)

® [terate kernel of LFWFs when at high virtuality; distribution amplitude
contains all physics below factorization scale

® Rigorous Factorization Formulae: Leading twist
® Underly Exclusive B-decay analyses

® Distribution amplitude: gauge invariant, OPE, evolution equations,
conformal expansions

® BLM/PMC scale setting: sum nonconformal contributions in scale of
running coupling
Farrar; S|B

® Derive Dimensional Counting Rules/ Conformal Scaling Matveev, Muradyan, Tavkhelidze

Inspired by BBG Factorization



Hadvron Distribution Amplitudes

D= e -
Fixed T=t+4 z/c

® Fundamental gauge invariant non-perturbative input to hard
exclusive processes, heavy hadron decays. Defined for Mesons,

Efremov, Radyushkin
® Evolution Equations from PQCD, OPE

Sachrajda, Frishman Lepage, sjb

® Conformal Expansions Braun, Gardi

e Compute from valence light-front wavefunction in light-cone
gauge

Hebrew University Sgll’_‘;" Z‘;’I’__f or ":él'_’l Allgebral; St:‘: Bl; O;LSky
May 11, 2015 and Light-Front Holography S AL



Counting Rules:

d_O' — F(Qcm) = E2
¢ G(st) = Teot-21 "

D
Fir(Q?) ~ [
Ntot = NA +NpB+nc+np

Farrar & sjb;
Fixed t/s or cosfcm Matveev, Muradyan, Tavkhelidze

pQCD predicty the leading-twist
scaling behawior of fixed-CM angle
exclusive amplitudes
S, —t >> m?
Non-Perturbative Proof from AdS/CFT: Polchinski and Strassler



tRBL Evolution of Meson Distribulion Amplitude

Fixed T=t+4 z/c

oz, Q)

2 1
=Cp ai? ){£ [ay]Vix;, v)é (i, Q) b ~1/Q

xlsz “‘5‘2‘ blxy, Q)

—xlxzﬁg(xi, Q)} '

where T ERBL evolution at Q* =2,10,100 GeV~
¢_ZC1:C2¢ L

A
Vixy, v = 2[961}29(3’1 xl)( mrg T 1 -x,)

<
N

o
3

o) 5o
o} -— Ko i
%’ 02}
:V(yi’x!); e 0.15
and Aé;(yi’ Q)Ed;(yb Q)"‘:{)(xb Q).
0.0
: 0 0.5 |
¢ (x;, Q) =x1x7 Za,.ci’z(xrxz)(ln %) ’ X
Evolves from /z(1 — ) to z(1 — z)
where 4
Or(2) = —=— fr/2(1 — )
¢ 1 20mi\. V3m
F(1+4{2 (n+1)(1n2+2)) 0.

AdS/QCD



Timelike protown form factor in PQCD

Lepage and Sjb



Timelike Proton Form Factor

» Define “Effective” form factor by

4o B C m>
-4 BC ey, F =\/GM2 s,
3m . m
pp D 8 T
> ® BABAR
« Peak at threshold, sharp dips at 2.25 GeV, 3.0 :.Ef O FENICE
GeVv. - 0 DM2
. Good fit to pQCD prediction for high m,_. . A DMI
& < BES
- 1 w PS170
S 10 O E835
O ¥ E760
Ay

<)
UQI
N
<k
4

F(s) o 0" T

12
()

4
M, (GeV/c™) .,

N. Berger




Howd Exclusive Processes

e PQCD Factorization

® Convolution of Hadron Distribution Amplitudes
with Hard QCD

* Leading Twist: Counting Rules

e Hadron Helicity Conservation

® Color Transparency

* BBG Quark Interchange

® Absence of Landshoff Amplitudes

¢ Puzzle: Huge Krisch Rnn

So



- + do _ F(Ocum) — o —
Quawk-Cownting ! 92 (pp — pp) = £ n=4x3-2=10
1 1 1 1 1 LI L I _F 1 | | LR L I 1 Li LI
1030} 1030
° 68°
109 |- g0° 75 oo
ol low  Best Fit
10-33k —1033 n — 97 :l: 05
Ccm?

% _10‘34
oL 5 Reflects
. s underlying

50 43 conformal

107 38 1o scale-free
1039} 410 interactions
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Gelz P.V. LANDSHOFF and J.C. POLKINGHORNE
Scattering School ) Stan Brodsk
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Scattering School
University of Indiana

Scallering T

June 11, 2015

1

r

! ¥

B This Exp.

® O'Falion et.al.

T=10.85 GeV

D.G. Crabb et al.,
PRL 41, 1257 (1978)




Spin Correlations in Elastic p — p Scattering

6

(4

F-3

[

P

RATIO OF SPINS-PARALLEL TO
L%

| SPINS-ANTIPARALLEL CROSS SECTIONS

polarization normal to scattering plane

Ratio reaches 4:1 !

Heppelmann et al.
Breakdoww of Colov Transparency

_ A. Krisch, Sci. Am. 257 (1987)
& "The results challenge the prevailing theory that describes the proton's
structure and forces”

ENERGY-TRANSFER VARIABLE p T

de Teramond & sjb: B=2 Resonance luuduudcee >
near Charm Threshold




Anti-Shadowing

1.2

1.1-

© EMC 4 K136 T
 NMC <+ E665 ©

= 1 = 7 AR
= Pl \
S - 8 * N
U ] / iib‘
mN 0.9 ;,, o r“w!
0.8 ﬁL 2 2
| Q=5 GeV
0.7 — T T
0°001 0°01 O°1 M. Hirai, S. Kumano and T. H. Nagai,
. “Nuclear parton distribution functions
Shad()Wlng x and their uncertainties,”
Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].
Scattering School

University of Indiana ~ SColttering Theory and LF Quantizationw  Stan Brodsky

June 11, 2015

o1 AL



Q? =5 GeV?

1.3 IIIII'"'I"''I"''I""I""I""I""I"",I
|, [ Scheinbein, Yus Keppel, Morfing Olness, Owensj |
| SLAC/NMC data
1.1} i
Q X
LT_‘N
~—
L 1
(Q\
g e TeEe— A
0.9 ;

Is Anti-Shadowing Quark Specific?

O 01 02 03 04 05 06 07 08 09
X
uﬁfféii,’l'y’%ﬁff;‘,’;’,’,a Scattering Theory and LF Quantization Stangr‘ogsky

June 11, 2015 P o
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Is Antishadowing in DIS

Non-Universal, Flowor-Dependent?

Scattering School .
University of Indiana Scattering Theory and LF Quantigation Sta:lBr‘Oisky
June 11, 2015 e iy ST O8



Stodolsky
Pumplin, sjb

Nuclear Shadowing in QCD

>—
N5 Ny
—— DDIS on N>

Shadowing requires leading-twist diffractive DIS

Nuclear Shadowing not included in nuclear LFWF'!

Dynamical effect due to virtual photon interacting in nucleus

Scattering School .
University of Indiana Scattering Theorvy and LF Quantizatiov Sta:lBr‘Oisky
June 11, 2015 e iy ST O8



> The one-step and two-step processes in DIS
q on a nucleus.
>
(0) =
N,
_’A_ L Coherence at small Bjorken z g :
— 1/Mzp =2v/Q? > Ly.
g
‘ \ 4
> If the scattering on nucleon Ny is via pomeron
q exchange, the one-step and two-step ampli-
(b) )\ > tudes are opposite in phase, thus diminishing
o ——@- theg flux reaching N».
_>A_ % "
—~ | Interior nucleons shadowed

— Shadowing of the DIS nuclear structure
functions.

Observed HERA DDIS produces nuclear shadowing

Scattering School .
University of Indiana Scattering Theory and LF Quantigation Sta::.Bl;OiSky
June 11, 2015 e iy ST O8



Diffractive Deep Inelastic Scattering

Diffractive DIS ep — epX where there is a large rapidity gap and the target
nucleon remains intact probes the final state interaction of the scattered quark
with the spectator system via gluon exchange.

Diffractive DIS on nuclei eA — ¢’ AX and hard diffractive reactions such as
v*A — V' A can occur coherently leaving the nucleus intact.

e e

wa

s B

XIP XIP

4 A

i/ i/



Quark Rescattering

| *
i
Hoyer, Marchal, Peigne, Sannino, SJB (BHMPS)
q
Enberg, Hoyer, Ingelman, SJB
|
\555 é g Hwang, Schmidt, SJB
Q /
p P
1-2005
8711A18
Low-Nussinov model of Pomeron
Scattering School ) S Brodsk
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Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidity Gaps

. : ST d iA(x)-dx
v Wilson Line: w(y) /O dx e y(0)

Reproduces lab-frame color dipole approach
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Schmidt, Lu, Yang, sjb

. The one-step and two-step processes in DIS
. ’ Oon a nucleus.

YO

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

| v Regge

> v If the scattering on nucleon Nj is via pemeren
q exchange, the one-step and two-step ampli-
(b) \ > tudes are eppesttet-phase—thuS-aHrHishiRe
q _ :
N, @@= >
A - constructive in phase
—_—— N, N,

thus increasing the flux reaching N>
Interior nucleons anti-shadowed
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Regge contribution: ogy ~ §*R™1 ap ~1/2

Fo,(x) — Fop(z) X z1/2
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Non-singlet 10 10
Reggeow X Kuti-Weisskopf

Exchange behavior

Landshoff, Polkinghorne, Short Close, Gunion, SJB



Reggeon Exchange

Regge contribution: ogn ~ sor—1 R X~ 1/2

Phase of two-step amplitude relative to one
step:

1 o - 1 (.

\/5(1 i) X 1 \/5(7, +1)
Constructive Interference
Depends on quark flavor!

Thus antishadowing is not universal

Different for couplings of ~*, ZO,WjE
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Nuclear Antishadowing

Scattering School
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Shadowing and Antishadowing of DIS
Structure Functions

1.2 1.2
E 7'~ Current (0) S.J. Brodsky, I. Schmidt and J. J. Yang,
I | 11 “Nuclear Antishadowing in
R s ) Neutrino Deep Inelastic Scattering,”
N S : v Phys. Rev. D 70, 116003 (2004)
I s [arXiv:hep-ph/0409279].
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Crucial JLabExperimenty

® Measure Diffractive DIS: Agree with
Shadowing of Nuclear Structure
Functions?

® |sospin Dependence of Diffractive DIS —
Reggeon Exchange

® Flavor Dependence of Antishadowing:
Tagged Quark Distributions?

® Test for Odderon Exchange in DDIS

Scattering School .
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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(57s)
pair threshold from QCD Sakharov- o ﬁuhn
Schwinger-Sommerfeld effect Oanfi’b !
uﬁfféﬁi,’l'y'%ﬁffé‘,’;’,’,a Scattering Theory and LF Quantizations  Stan Brodsky
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ot 'éPDVV Leading Twist

i e Sivers Effect
e Hwang, Schmidt,
> sjb
e_

current
quark jet Collins, Burkardt, Ji, Yuan.

Xiao, Pasquini, ...

QCD S- and P-
Coulomb Phases
--Wilson Line

i SP ' q X ﬁq
Pseudo- T-0dd, ™"

final state
interaction

“Lensing Effect”

QED: S
. Lensmg © spectator / /
involves soft system ] Twist
scales proton Rescattering
Light-Front Wavefunction Violates PQCD
S and P- Waves/! Foactori Y

Sigw reversal Ln DY
Scattering School . S Brodsk
University of Indiana ~ SColtering 1 heory and LF Quantization ta:. r‘ ohs y
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Single-spinv Exclusive

asywumeliies ivv Sivers Effect
1 connects to
erclusive W © N Inclusive Effect
g 7 >k
iSA T X DK © Y'pr — KTA
1p - 4 X PK K" (5u)

QCD S- and P-
Coulomb Phases
--Wilson Line

proton
Light-Front Wavefunction A(SU’d)
S ond P- Wawves

Scattering School
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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.)

Hwang, Schmidt,
sjb,

Mulders, Boer
Qiu, Sterman
Collins, Qiu

Pasquini, Xiao,
Yuan, sjb

Shadowing, Anti-Shadowing, Saturation

Sum Rules Not Proven

DGLAP Evolution

Liuti, sjb

Hard Pomeron and Odderon Diffractive DIS

current
quark jet

final state
interaction

spectator >

system
proton
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Need av First Approximation to- QCD

Comparable in simplicity to
Schrodinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining



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)



@ ( < ) 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



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

Scattering School )
University of Indiana Scattering Theorvy and LF Quantizatiov Sta‘l.llBr‘Oisky
June 11, 2015 109 e gy Ot



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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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(Q2) at All Scales Q2

What sets the QCD Mass Scale?

Connection of Hadron Masses to 7S

Scattering School .
University of Indiana Scattering Theorvy and LF Quantizatiov Sta:IBr‘o:lsky
June 11, 2015 e iy ST O8



Scattering Theory and Light-Front QCD
; X

0.40-2
0.80.6

NS
ONR2

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

W (24, k) M)
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