Hadron Dynamics at the
Amplitude Level

* DIS studies have primarily focussed on
probability distributions: integrated and
unintegrated

e We need to determine hadron wavefunctions!

* Test QCD at the amplitude level: Phases, multi-

parton correlations, spin, angular momentum

* Wavefunctions: Fundamental QCD Dynamics
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A Unified Description of Hadron Structure

Elastic form factors
Parton momentum
distributions

Real Compton
scattering at high

Deeply Virtual Meson
production

Light Front Wavetunctions
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=1+z/c

‘P(X, kJ_) “=

HZ Py >= M|y >

Invariant under boosts. Independent of pY
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|p7SZ > = E ‘Pn(xi,zmki) \n;iﬁmki >
n=3

The Light Front Fock State Wavefunctions
W, (x1, k11, N

T
\A A

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

YVYY

2R N
X — =

L p+ _ pO + Pz P
are boost invariant. i:

n

Yk =P, ix,-: 1, iié}:ﬁi. ] ( \
l l l )
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HOSP W) = M2 [y Compute
LEWES from

first principles

QCD __ . _ =3
Hic" = PuPt = P~PT-P?

The hadron state |WV;,) is expanded in a Fock-
state complete basis of non-interacting n-
particle states |n) with an infinite number of
components

‘wh(P_'—a ﬁL)> —

S [ ldwg PR (s L )
Y

n,

X |n : xip_l_?xiﬁJ_ + IZJ_ia)"i>

Z/[dfvi A%k 1) W n (@i ks M)|° =
n
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Deep Inelastic Lepton Proton Scattering

Imaginary Part of Xg E_ 2
Forward Virtual Compton Amplitude >
2 2 >
4(x,0%) =3, [ dhky [Wa(x, k)|
Wn

X=X, All spin, flavor distributions

Light-Front Wave Functions ¢y (x;, EM-,)\Z-)
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Hadron Dynamics at the
Amplitude Level

* LFWES are the universal hadronic amplitudes
that underlie structure functions, GPDs,
exclusive processes.

* Relation of transversity and other distributions to

physics of the hadron itself.

* Connections between observables, orbital angular
momentum

* Role of FSI and ISIs--Sivers effect
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Exact Representation of Form Factors using LEWFEs

Hadron form factors can be expressed as a sum of overlap integrals of light-front
wave functions: Drell Yan, West, Drell, SJB

e F() = Y [ [dai] (] 3 e fo Al Fii ), 1)
n j
where the variables of the light-cone Fock components in the final-state are given by
Ko =kui+ (1—2) L, (2)
for a struck constituent quark and
Klo=Fki— i L, (3)

for each spectator. The momentum transfer is ¢* = —¢* = —2P - ¢ = —Q?* The
measure of the phase-space integration is

7 © dx; &
dﬂ?i = - 01— Z’j) , (4)
- 42k ki
) =1
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PQCD and Exclusive Processes .50k

M = / [T dxidyir (x, @) xTh (i, yi, @) b1 (yir Q)

Iterate 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 scale setting: sum nonconformal contributions in scale
of running coupling

* Derive Dimensional Counting Rules/ Conformal Scaling
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Hadron Distribution
Amplitudes

$(xi, Q) = NMIZ7 [Cd%k ) Yn(zis k1)
e Fundamental measure of valence wavefunction
* Gauge Invariant (includes Wilson line)
Lepage; SJB
* Evolution Equations, OPE Efremov, Radyuskin

* Conformal Expansion

* Hadronic Input in Factorization Theorems
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Form Factors {p— 'p'" {(p'A'| J* (0)|pA)

p,x> K/I >> \\]p+>q,7€
Yn Wh

Lepage, Sjb
. . Efremov
QCD Factorization Radyushkin
,Y>X<
11— k >—Y1
Th=2 X2—> §§>y2+
X3 > > y3
2
Us
a Q_4 f (X, ;)

Scaling Laws from PQCD or
AdS/CFT



Proton Form Factor

1.0 -
<r%' '
S Conformal Behavior : #2F;(t) = const
E';_ N=3 |
w 05 —— N=3,4,5 Remarkable scaling
- —--— Gl;iV witha, =13 a | behaVior
o F.(t) (Sill etal.)
0 G, (t) (Sill et al.)
0.0 L
0 5 10 15 20 25 30
_ 2
t(GeV?) Non-perturbative model:
Diehl, Kroll
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Timelike Proton Form Factor

» Define “Effective” form factor by

4o’ B C I |
e B gy, F\=\/\GM\2+L‘;\GE\‘.
3m -
PP mpﬁ L
@]
13} ® BABAR
« Peak at threshold, sharp dips at 2.25 GeV, S O FEN}CE
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. Good fit to pQCD prediction for high my,. | & % gggl
e
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Como Transversity
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Carlson, Hiller, Hwang, SJB

P, costIm G3,Gg  cosf
P, P. ReGy,Grp P.

tan(dog — dpr) -

“Exclusive Transversity”

P 1/Q fit
~. 2 — — - (log® Q%) /Q? fit
— impr. (log® Q%)/Q? fit |
— - —- - IJL fit ]

L | L L L L | L | | | | | | | | | | [ S R
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Common Ingredients:
Universal LEWES, Distribution Amplitudes

\N}

> b
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Fig. 5. Cross section for (a) yy—nt7~, (b) vv—K*K~ in the c.m. angular region
|cos 0*] < 0.6 together with a W% dependence line derived from the fit of s|Ry|.
(c) shows the cross section ratio. The solid line is the result of the fit for the data
above 3 GeV. The errors indicated by short ticks are statistical only.
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do/dt (nb/GeV?)

Deuteron Photodisintegration & Dimensional Counting Rules
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PQCD and AdS/CFT:

sha—249(A+ B — C+D)
Fatp_c+p(Bcm)

lldo(

yd — np) = F(6cpy)

Rior — 2 =

(1+6+3+3)-2=11
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P.Rossi et al, P.R.L. 94, 012301 (2005)
Check of CCR .
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* Remarkable Test of Quark Counting Rules

* Deuteron Photo-Disintegration yd — np

do __ F(t/s)
® dt — Sntot—Q
® Ntot — 1 6 3 3=13

Scaling characteristic of
scale-invariant theory at short distances

Conformal symmetry
Hidden color: Z—j(fyd S AttA) ~ Ccll—j(yd — pn)
at high pT

Hadronos QCD Phenomena - AdS/CFT
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Why is Conformal Theory

Relevant?

* Dimensional scaling of exclusive processes
implies QCD is approximately conformal

e PQCD is conformal when 3 =0

* Evaluate gluon exchange at small effective scales
where o is approximately constant: IR fixed point

* Apply AdS/CFT

Comg %%I—lgsemity QCD at the Azglplitude Level St odilsy SLAC



Why do dimensional counting
rules work so well?

* PQCD predicts log corrections from powers of as, logs,
pinch contributions

* QCD coupling evaluated in IR regime.
* IR Fixed point! DSE: Alkofer, von Smekal et al.

* QED, EW -- define coupling from observable,
predict other observable

* Underlying Conformal Symmetry of QCD

Lagrangian

Como Transversity QCD at the Amplitude Level
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Define QCD Coupling from

Observable Grunberg

Ry,  y(s)= 3qu§ [1 O‘Rﬁ(s)]

M(r — Xev)(m2) = Mo(r — uder) x[1- O‘T(:L%)]

Relate observable to observable at
commensurate scales H.Lu, sib

Como Transversity QCD at the Amplitude Level
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QCD Effective Coupling from

hadronic T decay
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e Generalized Crewther Relation

[1 . aglerQ)] X [1 _I_%S*)] — 1

at s* = CQ2.

e Exact at leading twist.

e NO scale ambiguity!

e Extraordinary Test of QCD

Agq (Qz) :

T
Analytic at quark thresholds.

Como Transversity
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QCD at the Amplitude Level
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Conformal symmetry: Template

for QCD

Initial approximation to PQCD; correct for non-
zero beta function

Commensurate scale relations: relate observables
at corresponding scales

Infrared fixed-point for o,

Effective Charges: analytic at quark mass

thresholds

Eigensolutions of Evolution Equations

Comg E@I-lg’fmity QCD at the Azrsnplitude Level Stan Brodsky, SLAC



Transversity in Drell-Yan Processes

Polarized Antiproton Beam — Polarized Proton Target
(both transversely polarized)

21,4 2 q 2 N _ _ —
do't —do ' A Ee hy(x;,M")h;(x,,M") > q=u,u,d,d,...
do'" +do™ Equ(XlaM Jq(x,,M?) | | |Minvariant Mass

of lepton pair

F. Rathsman



pp Elastic Scattering from ZGS/AGS

“Exclusive Transversity”

Spin-dependence at large-P; (90°_,):
Hard scattering takes place
only with spins 11 RNN

ARATIO OF SPINS\PARALLEL TO
,  SPINS-ANTIPARALLEL CROSS SECTIONS

Coll
o _ Scientify
Coincidence?: Quenching of Color Transparency

Coincidence?: Charm and Strangeness Thresholds

ENERGY-TRANSFER VARIABLE
GSI: | A. Krisch, Sci. Am. 257 (1987)
Study in antiproton-proton “The results challenge the prevailing theory that
elastic scattering describes the proton's structure and forces"

at second charm threshold



The remarkable anomalies of
proton-proton scattering

* Double spin correlations
* Single spin correlations

* Color transparency

Como Transversity QCD at the Amplitude Level
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Collisions Between Spinning Protons (A. ID. Krisch)
Scientific American, 255, 42-50 (August, 1987).
tg 1.86
:
(I
J
A N = 150 ]
2
—
T
9,
x
E 122
n
=
LL
O
: I
E i |
5 i
= 2 4 6 8
0
ENERGY-TRANSFER VARIABLE p T
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s’do/dt (10°GeV™ nb/GeV?)

Test of PQCD Scaling

s’do/dt(yp — wn) ~ const

YP T N ; ‘Iglfljaili)elfgaz}_aog%?) f ixed O scalin
i A Anderson et al (1976) CM g
m Clifft et al (1975
4 © Fischer et al (1972)
v Data taken Before 1970
- SAID (2002) PQCD and AdS/CFT:
: }
sha=249(A+ B — C+D) =
FA+B—>C+D(6CM)
2
7 do
(YP —qn) = F(Ocy)

M = 143 4243=9

>

L L I T T N T T T L L
1 15 2 2.5 3 3.5 4
Vs (GeV)

Conformal invariance at high momentum transfers!
30



E(t/s)

92 (pp — pp) = ks

-1 | e PRE N EE

78"

|ﬂ.l' =9

(v

||:""5 -

o del—LL__1 by O e 0 bl i L L 34
sa15 20 3040 60 B0 sai5 20 3040 60 B0 S«I520 3040 60 BO

e ™

Figure 22. Test of fixed fcy scaling for elastic pp scattering. The data compilation is
Landshoff and Polkinghorne.
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Spin Correlations in Elastic p — p Scattering

6

w

-

[

Ratio reaches 4:1!

RATIO OF SPINS-PARALLEL TO
| SPINS-ANTIPARALLEL CROSS SECTIONS

na

Collisions Between Spinning Protons (A. D. Krisch)
Scientific American, 255, 42-50 (August, 1987).

1 2 3 4 5 6
ENERGY-TRANSFER VARIABLE p T
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Test Color Transparency

99 (pA — pp(A—1)) — Z x %2 (pp — pp)

A.H. Mueller, SJB

Como Transversity QCD at the Amplitude Level
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Color Transparency Ratio

proton;
proton,
o
do/dt for / c)0 proton,
126 --"\ o ©
Tpp‘
Z do/dt for

\ / proton:
proton; .g\

J. L. S. Aclander et al., proton,
“Nuclear transparency in 6., = 900

quasielastic A(p, 2p) reactions,”

Phys. Rev. C 70, 015208 (2004), [arXiv:nucl-
ex/0405025].
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Color Transparency fails
when Ay, is large

07 ! | ! | ! | ! | ! | ! | T
T Mardor [1] +a-
Leksanov [2] +e~
0.6 ~ Carroll-C [3] & -
o Carroll-Al [3] +&-
> @~ 1/R(s) —
= o5 L (s) ]
)
C
o
s 04 R
Q
7))
&
I: 0.3 [ = = |
S 0.2 [ &P T .
0.1 | %.—.—. |
' @® 5 8 10 1 15 |
O L | L | L | L | L | L | L

4 6 8 10 12 14 16 18
P« Effective beam momentum [GeV/c]

Como Transversity QCD at the Amplitude Level

9-0 8-0 5 " Stan Brodsky, SLAC



Eva Bunce, Carroll,

Experiment T —Heppelman...
BNL

0.6

0.4
T

0.2

80
85 @eg\
G Q.
eff e V/C) Rapid Angular Variation!

0.0
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What causes the Krisch Effect?

Largest spin-spin correlation in hadron physics!

An outstanding problem confronting QCD

Carlson, Lipkin, SJB: de Teramond, SJB:

Complete analysis of spin correlations Peaks in Ry associated with
pA, strangeness, charm thresholds

Interference of QIM and

Landshoff “Pinch” (triple scattering) Predict significant strangeness productior
contributions o(pp — sX) ~ 1 mb just above threshold

Predict significant charm production
o(pp — cX) ~ 1 ub just above threshold

Como Transversity QCD at the Amplitude Level
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S. J. Brodsky and G. F. de Teramond, “Spin
Correlations, QCD Color Transparency And
Heavy Quark Thresholds In Proton Proton
Scattering,” Phys. Rev. Lett. 60, 1924 (1988).

Quark Interchange 4+ 8-Quark Resonance

|luuduudee > Strange and Charm Octoquark!

M =3 GeV, M =5 GeV.

Aon = do(11) —do(1])
MW de(1 1) +do(1])
-02 I | | \ |
3 4 5
p2  [Gevio)?]
Como Transversity QCD at the Amplitude Level
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* New QCD physics in anti-proton proton elastic
scattering at the second charm threshold

* Octoquark resonances?
* Color Transparency

* Exclusive Processes: New physics at GSI

Como Transversity QCD at the Amplitude Level
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Light-Front QCD Phenomenology

* Hidden color, Intrinsic glue, sea, Color Transparency

e Near Conformal Behavior of LFW Fs at Short
Distances; PQCD constraints

* Vanishing anomalous gravitomagnetic moment

* Relation between edm and anomalous magnetic
moment

* Cluster Decomposition Theorem for relativistic
systems

e OPE: DGLAP, ERBL evolution; invariant mass scheme

Como Transversity QCD at the Amplitude Level
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The form factors of the energy—momentum tensor for a spin—% composite

_ — ] —
(P'|T*(0)|P) = u(P@[A(qz)y(“P”) + B(q%mpwa”)“qa

1
+ C(qz)ﬁ(q“q” —~ g“”qz)]u(P),

where g# = (P’ — P)*, P* = L(P" + P)*, ap¥) = L(a*b¥ + aVbM).
2 2

Tt
(P+q.1 ’2(P+()2) P, 1) = Ag?).

I 5 B(@Y)
(P+a. 1555l P W=-l —ie)=m

The angular momentum projection of a state 1s given by
. 1 ... [ . .
I = e [ Ex (e =70 (7%) =<%"Z>[A<0> +BO)]
. 1 .
= AO)(L") 4+ [A0) + B(O)]ﬁ(P)Eo’u(P).
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Angular Momentum on the Light-Front

J* = Z Sl-Z -+ Z l;. Conserved

LF Fock state by Fock State

i=1 Jj=1
2= —i(k! L — k2 -
i j 342 j 9] n-1 orbital angular momenta
] J J
Como Transversity QCD at the Amplitude Level St odilsy SLAC
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—B(—O) lim —(P—|— T| B )|P, ¢)
2M - 4i0dq) 2Py B(o) =0
: = TTH(0) = =
_ 9wt (pt — _ V(p¥ — _
= Ay ggrt (P =t =g P =LA =00 Fock state by Fock state
. 0 d? kJ_k dxg
= lim —
q1—0 3‘Ii2a:f;!—[1 167 B(qz) not zero :
X Yl (x1, x2, Xn—1, (1 —x1 —x2 — -+ —x5-1), ED
e o ) : 2 photon cut
Ky K Ky (K =Ky = =K y) Q P
n—I1
|:121:x, TR 1)} Vanishing Anomalous
XV (102, (=2 =), (Gravitomagnetic Moment
kit kio, ..., kin—t1,(—kii —kio—---—kin-1)).
a2k d I .
:/H 1513)%‘#2*(?61,)62 ..... Xn—1, (1 =x1 —Xx2 — - = x41), Hwang, Ma, Schmid, sjb
k=1 L R . -
kit kiz, ..., kin—t1,(— ki — kip—-—kin1))

n—1 n—1 3 .
x [Z( T+ x+ (I —xi—x2 = =X 1))% aki} Equivalence Theorem

i j=1
X Yt (x1,x2,..., Xn—1, (L =x1 —x2 — -+ = xp-1), Kobsarev, Okun
kit koo, ... kinot, (—kir —Kio— - —Kin-1)) Taryaev
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LFWFs of Electron (n=2) J, = _|_5
Gives Schwi [ 2N (—k1+ik2)
o | [t A =
- — 14ik2
Moment 27 < wl%_l(x, 1) = —\/§(+k1_+):k ) o Iy — |l
wi%+1(xa J_) — _\/§(M - %) @, L,=20
wil_l(xv _,J—) =0,
\ 2
where
- e/v1—x
Y = gO(CC, kJ-) — 5 7 2 7.2 2
M? — (k] +m?)/x — (k1 +2%)/(1 — )
M—>m + )\Z ( 5
wi%_pl(x? J—) =0 ?
Spin-1 mass \’ < Vi1 (@ kL) =—vV2(M =) ¢,
S e — _kl+jk2
Spin-1/2 mass m Tﬂf%ﬂ(fff’ 1) = —y/AELELE) )
— kl+jk2
\ wi%_l(ﬂ% L) — _\/5(4;((11)) .
Drell, sjb
Hwang, Schmidyt, sjb
Como Transversity QCD at the Amplitude Level S Bredklsy SLAC
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| | | | | | | | |
0 2 4 6 8 10 0 2 4 6 8 10

52000 Q22 Q/m? Hwang, Ma, Schmidt, sjb

Helicity-flip electromagnetic and gravitational form factors for spacelike g2 = — Q% < 0 from
the quantum fluctuations of a fermion at one-loop order in units of «/7 for QED and g2 /4712 for
the Yukawa theory. The fermion constituent mass is taken as m ¢ = M. The boson constituent is
massless.

Como Transversity QCD at the Amplitude Level
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electron LEWFs provide quark +
spin-one diquark model of

nucleon
q(z, A2)spin—l diquark
A2k, dz 2 2 .
= (A% — M?) 2 L L PSR 5
1673 ( M) [xz(l—g;)Z -+ (1_3:)2 + ( :E) } ’Sp‘
Aq(az, A2)spin—l diquark
A2k, dx 2 2 .
— 0 AZ o 2 9 1 L o m 5 5
6q(x, A®)spin—1 di |
Q(dz i (ispm s 7 Electron Transversity
1. AT
- 1673 (A% = M?) 4 | (1 jx)Z | 1ol
Soffer bounds automatically satisfied
in LF formalism
_ >N e/v1—x
Y = gp(:lg kJ_) —

M2 — (k2 +m?)/x — (K2 + 22)/(1 — x)

Como Transversity QCD at the Amplitude Level

9-0 8-0 5 48 Stan Brodsky, SLAC



Gardner, Hwang, sjb,

Light-Cone Wavefunction Representations of ™ Progress
Anomalous Magnetic Moment and Electric Dipole
Moment

In the case of a spin—% composite system, the Dirac and Pauli form factors F}(¢*) and
Fy(q?), electric dipole moment form factor F3(q?) are defined by

(P|#O)|P) = T(P) [ Fi (@7 + Fal®) 0" gt Fo(a)) o 03500 | U(P) , (47)

2M

Compute matrix elements of good current J*

Fi(q*) = <P+QT|2P+ P,T>=<P+q,l‘2P+ P,l>, (48)
Fy(q? 1 1 J*(0) 1 J*(0)
= = P P P P
o 2[+—q1+iq2< +ao 1 |5pr [P \ P+ el [5pr | B l,
(49)
F3(q? i 1 J*(0) 1 J*(0)
— P P Y- P Pty
2M 2[+—q1+iq2< tollope | DY) g \U T o apr | O] |
(50)
Como Transversi QCD at the Amplitude Level
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Relation between edm and anomalous magnetic moment

A2k, dx
- ;/ 1673 Ze]— %

1 - ,
{ + _q _|_1q 77b (x“kJ_w )¢a(xzvkL27Az) + ql —|—1q w (xz,kJ_Z,A)wa(ﬂfz,kJ_“)\z)}
Drell, sjb,
A2k, dz
N Z/ 1673 Zeﬂ 2 =
1 - - 1 .
e kAW (s ks L T oo ).
[ + _ql + iq2¢a <x’“ kli’ )\"L) wCL(:C’“ kl@’ Ai ) q1 + 1(] ¢ (SC’M kLz? Aj ) ¢a(5€z; kJ_za >\’L> } ;
Gardner, Hwang, sjb,
j_i — Eii + (1 — ;)¢ struck quark Elz — k i — TG spectator
Como Transversity QCD at the Amplitude Level
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CP-violating phase

\

F3(q%) = F>(¢?) x tan ¢

Fock state by Fock state

Gardner, Hwang; sjb,
In progress

Como Transversity QCD at the Amplitude Level
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Weak Exclusive Decay Q

(D][J*(0)|B) a _
Y
B— B
Exact Formula D
Hwang, SJB 0 .
v v
Y b n=n +2
B + B c
> > > > =
W DT 3 d DY
Y, 9 v, Wheo g 1,

Annihilation amplitude needed for Lorentz Invariance

Como Transversity QCD at the Amplitude Level
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GPDs & Deeply Virtual Exclusive Processes

“handbag” mechanism

hard vertices

x - longitudinal quark
momentum fraction

2€ - longitudinal
momentum transfer

t - Fourier conjugate
to transverse impact
parameter

H(x.Et), E(x.E1), . . e _Xe

Como Transversity QCD at the Amplitude Level
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(p' N[ " (2) J¥(0) [p 1)

Large — q2 = Q?
QI

/ P p'
Y'p =P
Deeply
Given LEWFs, Virtual
compute all Compton
GPDs ! Scattering
.
n=n +2
ERBL Evolution ,
. Required for

" .
"2 W Lorentz Invariance

Como Transversity QCD at the Amplitude Level
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XK,
/1,{ 1-§-&] /1{

Light-cone wavefunction representation of deeply
virtual Compton scattering *

1-¢-A,

Stanley J. Brodsky #, Markus Diehl !, Dae Sung Hwang °

Como Transversity QCD at the Amplitude Level
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Example of LFWF representation
of GPDs (n=>n)

Diehl,Hwang, sjb
1 Al —iA?

T—¢ M E(n—>n)(X,§,t)

:( 2 nzfl—[dx{dﬂlgu 16738 1_2n:xj 52 Xn:la]

il Il
X 0(x — xmﬁ( )(xp]_éj_l’ )W(tl)(xial_{)J_i,Ai),

where the arguments of the final-state wavefunction are given by

_ . . 1 —
Xy = xll ; : K =k — al A, for the struck quark,
Xi - - X; -
i =— k', =k, ;+——A, forthe spectatorsi =2, ...,n.
1—-¢ 1-¢
Como Transversity QCD at the Amplitude LCV@I Stan BI’OdSky SLAC

9-08-05 56



Example of LEWF representation

of GPDs (n+1 => n-1)
Diehl,Hwang, sjb

1 Al —iA?
T—¢ 2M
n+1 27 n+1 n+1
3—n dx; d*k; 3 2) -
= (V1-¢) Z/ ]_[ 167 5(1 —ij 5 ij_j
n,A; i=1 j=1 j=1
x 16778 (xp41 + x1 — )8 (I_C)J_n—I—l kil — A_)J_)
X 0(x — X1)W(T,:<_1)(Xf, K\, )»i)lﬁ(%ﬁq)(xl', kii, Ai )80, —npss

E(n—l—l—m—l)(xa C,t)

wherei =2, ..., n label the n — 1 spectator partons which appear in the final-state hadron
wavetunction with

x{ — H ]_C)/ . _I_C) 0 ‘|‘ L A_)J_
I 1 — ¢ ’ i Li 1 — ¢ .
Como Transversity QCD at the Amplitude Level St odilsy SLAC
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Link to DIS and Elastic Form Factors

DIS at =t=0
H(x,00)=q(x), —q(~x)
H(x,0,0)=Ag(x), Ag(—x)

Form factors (sum rules)

jdxz Ho(x 5] =F, (1) Dirac £

1

[aX[EexEn] =F, (1) pauiitr.

1

|

dx H'(6,6,0)= Gy ( 1), [dxE' (0,6 0)=Gpy( 1)

X , Verified using
L H B A Bl LEWEs
= Diehl,Hwang, sjb

e

Quark angular momentum (Ji’s sum rule)

J1 = 1_ JO = 1 jxdxl?{q (x,6,0)+ E(x, E;,O)]
2 22 X_ Ji, Phy.Rev.Lett.78.610(1997)
Como Transversity QCD at the ﬁglplitude Level Stan Brodsky, SLAC
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Deeply Virtual Compton Scattering
Y'p—yp v p—wtn,
* Remarkable sensitivity to spin, flavor, dynamics

* Measure Real and Imaginary parts from Bethe-

Heitler Interference; phase determined by Regge
theory (Kuti-Weiskopf)

Close, Gunion, sjb
* J=o fixed pole: test QCD contact interaction!
* Sum Rules connecting to form factors, Lz

* Evolution Equations (ERBL), PQCD constraints

* Convolutions of Light-front wavefunctions

Como Transversity QCD at the Amplitude Level

9-0 8-0 5 - Stan Brodsky, SLAC



LEWTES give a fundamental description
of hadron observables

* LFWES underly structure functions and
generalized parton distributions.

e Parton number not conserved: n=n’ & n=n’+2 at
nonzero skewness

* GPDs are not densities or probability
distributions

* Nonperturbative QCD: Lattice, DLCQ),
Bethe-Salpeter, AAS/CFT

Como Transversity QCD at the Amplitude Level
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Solving the LF Heisenberg Eqn.

e Discretized Light-Cone Quantization (DLCQ) Pa}i)ﬁ’
Minkowski space ! K
* Many 1+1 model field theories completely solved using
DLCQ Hornbostel, Pauli, sjb; Klebanov
UV Regularization: 3+ 1 Pauli Villars Hiller, McCartor, sjb
e Transverse Lattice Bardeen, Peterson,Rabinovici, Burkardt, Dalley
* Bethe-Salpeter/Dyson-Schwinger at fixed LF time

* Angular Structure of Solutions known Karmanoy, Hwang, sjb

e Use AAS/CFT model solutions as starting point! Vary, sjb

Como Transversity QCD at the Amplitude Level
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Structure function of boson constituent in 3+1 Yukawa theory

Three-particle Fock state truncation

0.020

0.015

m 0.010

0.005

AN N NN TN N N NN TR NN AN TN TN NN MR A TN N N

0.000 ! ! ! | ! I ! | ! ! ! | ! !

o
o
o
N
o
N
o
»

Pauli-Villars Regularization

Como Transversity QCD at the Amplitude Level
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AdS/CFT and QCD

e Non-Perturbative Derivation of Dimensional
Counting Rules (Strassler and Polchinski)

* Light-Front Wavefunctions: Confinement at Long
Distances and Conformal Behavior at short
distances (de Teramond and Sjb)

* Power-law fall-oft at large transverse momentum, = — 1

* Hadron Spectra, Regge 'Irajectories

Como Transversity QCD at the Amplitude Level
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Como Transversity QCD at the Amplitude Level
9-08-05 64

Hard Diffraction from
Rescattering

Diftractive DIS: New Insight into Final State
Interactions in QCD

Origin of Hard Pomeron

Structure Functions not Probability Distributions
T-odd Single-Spin Asymmetries

Diftractive dijets/ trijets

Color Transparency, Color Opaqueness

Stan Brodsky, SLAC



DDIS = X

gap

P P
# In alarge fraction (~ 10-15%) of DIS events, the proton
escapes intact, keeping a large fraction of its initial

momentum

o This leaves a large rapidity gap between the proton and
the produced particles

#® The t-channel exchange must be color singlet — a

pomeron??
Enberg
Diftractive Deep Inelastic Lepton-Proton
Scattering
Como Transversity QCD at the Amphtude Level Stan BI’OdSky SLAC
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O 0 g o008

/e roq5’. ZEUS
| 1t
’

bl Q 0.10;
B 0.04

MX 1 | 1 ] —_ X i N 1
0. OO e < e < 0,003 !
XI P 0.15r |
P 0.10} | .4
\ t ./ 0.05£ ° + !
SR
O°OOO 20 40 60 80 100
10% of DIS Q2. (GeV]
events are Fraction r of events with a large rapidity gap,

nmax < 1.5, as a function of Q2 , for two ranges of xpa. No

o . '
diffractive ! acceptance corrections have been applied.

M. Derrick et al. [ZEUS Collaboration], Phys. Lett. B 315, 481 (1993)

Como Transversity QCD at the Amplitude Level
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Final State Interaction
Produces Diffractive DIS

0

: / Quark Rescattering
-

Hoyer, Marchal, Peigne, Sannino, SJB (BHM

Enberg, Hoyer, Ingelman, SJB

.:—
q
Hwang, Schmidt, SJB

S ;
P

1-2005
8711A18

Como Transversity QCD at the Amplitude Level
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Q|

P ! P’

1-2005
8711A19

Integration over on-shell domain produces phase i

Need Imaginary Phase to Generate
Pomeron

Need Imaginary Phase to Generate
T-Odd Single-Spin Asymmetry

Physics of FSI not in Wavefunction of Target

Como Transversity QCD at the Amplitude Level
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0

—/

]’LLVL’ Problem: Wrong Phase

—

>

Real; should be imaginary

Pomeron i1s not
a constituent

1

N —

of proton! P
1-2005
8711A27
Need Final State Interactions !
Como Transversity QCD at the Amphtude LCVCI Stan BI'OdSky SLAC
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Quarks Reinteract in Final State

Analogous to Coulomb phases, but not unitary

Observable eftects: DDIS, SSI, shadowing,

antishadowing

Structure functions cannot be computed from

LEFWTFs computed in isolation

Wilson line not 1 even in Icg

Como Transversity

9-08-05
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QCD factorization

# QCD factorization theorem: Separation of hard and soft

The quark PDF is given by

— —izgptzT /2, At T — - .. .
fan ~ / dz™ e~ N (p) [ (27)y W25 0]4(0) | N(p) )t =0

Wilson line: W[z™;0] = Pexp

® DIS: W[xz—;0] — rescattering of

£
ig / dw~ AT (0,w, 0, )t,
0

struck quark on target

#® AT+ — longitudinal instantaneous (in ) gluon exch.

® No A+t within loffe coherence length z— ~ 1/myzp

Como Transversity QCD at the Amplitude Level
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Y :
W) [ dx e (o)

Wilson line means that DIS looks something like this:

1, 4
!-|, ) s

! q
L Pa ""I':- P ]
L b e - -
T b 3 -
u’l § o) B = L
= e [ C B
f £ ;.;il'ﬁ" / tih L;‘,!,.[.g jk_
o e A i
; J § —»—l $ §

Brodsky, Hoyer, Marchal, Peigné and Sannino (BHMPS)
showed that [phys. Rev. D65 (2002) 114025]

# rescattering can lead to on-shell intermediate states
and /maginary amplitudes and cannot be ignored in any
gauge

-

-

# notevenin AT = 0 gauge!

It has also been shown to yield nuclear shadowing and
single spin asymmetries.
Enberg

Como Transversity QCD at the Amplitude Level
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Final State Interactions in QCD

* *

T N
/8 Ty

o W

Feynman Gauge Light-Cone Gauge

Result is Gauge Independent

Como Transversity QCD at the Amplitude Level
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Final State Interactions Non-Zero in QCD

Y*(q) Y*(q) viq) | | | Y*(q)

\\l lpli rd AN

AR PRy i\
TR TN

T(p) p—k—k,  T(p) T(p) | T(p)
D a D b D @ Da D b D @
(a) (b)
Light-Cone Gauge Feynman Gauge
BHMPS
Como Transversity QCD at the Amphtude Level Stan BI’OdSky SLAC

9-08-05 74



Rescattering and factorization

By P

L o L e . . .
\' i T o i o i}
L o L
P ;i k1 F E kn e Ei ka E k1
- ¢ = £
& ¥

# |Important to realize that the rescattering is compatible
with factorization theorems by construction

» the Wilson line is a part of the definition of the PDF,
so the rescattering is also a part of the PDF

# When one measures the PDF in experiments, one
measures the PDF including rescattering

# In a similar way, the diffractive PDFs are included in the
inclusive PDFs

Comg _Tor?_lg?mity QCD at the ;ﬁsmplitude Level Stan Brodsky, SLAC



QCD Mechanism for Rapidity Gaps

x Wilson Line: () / ' dx AW-4x ()
Y 0

qt= "L‘CLL [3Xg
/s

Xq jj oX~1 g } Rap Gap
.

1-2005
8711A24

=
X
Q

Como Transversity QCD at the Amplitude Level
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Single-spin asymmetries

current
quark jet

final state
interaction

spectator
system

proton 11-2001
8624A06

Como Transversity QCD at the Amplitude Level
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Sivers Effect

Hwang, Schmidt.
sjb
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Hard Diffraction from
Rescattering

Unification:

* Diffractive Deep Inelastic Scattering (DDIS)
* Nuclear Shadowing & Antishadowing
* Single Spin Asymmetries (Sivers Effect)

* Fundamental Features of Gauge Theory, Color

Como Transversity QCD at the Amplitude Level
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Final State Interactions Produce

T-Odd (Sivers Effect)

* Bjorken Scaling]

e Arises from Interference of Final State Coulomb
Phase in S and P waves

* Relate to the quark contribution to the target
proton anomalous magnetic moment

* Sum of Sivers Functions for all quarks and gluons
vanishes. (Zero gravitoanomalous magnetic

moment S PDjer X g
Hwang, Schmidt.
sjb
Como Transversity QCD at the Amplitude Level St odilsy SLAC
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/ I:)jet
Q > : q

e .
Quarks Reinteract in the Final State
Interference of Coulomb Phases for S and P states
Produce Single Spin Asymmetry [Siver’s Effect]
S- [_j jet X q
Use thrust or momentum of leading pion
to find jet direction Hwang, Schmidt.
Measure S - py; X ¢ sjb; Burkardt
Distinguish from Collins Effect [from jet fragmentation]
Proportional to the Proton Anomalous Moment and o.

Comg _’g%I_lévsersity QCD at the Agrcl)lplitude Level S Bodiisy SILAC



>_' - t J__rj_
X’ J-_I-qJ_
k=t
X—A,K—r
S e i
1—X,—kK, DN
I-A,—T,
Scalar
12005 (@) Diquark (b)
8711A4 Hwang, Schmidt.
sjb

Model Calculation producing a target single-spin asym-

metry in semi-inclusive leptoproduction
Quarks Reinteract in the Final State Y 7
Interference of Coulomb Phases for § and P states

I

I
Produce Single Spin Asymmetry [Siver’s Effect] Sl |
- IR +
S Djet X q >  p-r I
Proportional to the Proton Anomalous Moment and a. P4 P? I
Como Transversity QCD at the AmplltUde Level S BI'OdSky, SLAC
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Prediction

for Single-
Spin
Asymmetry
(b)
0.10-
A %
0.02-
= Hwang, Schmidt.
sib
Como Transversity QCD at the Amplitude Level Stan Brodsk RS IS
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cl
0))
+

P
PA— >

§ingle Spin Asymmetry In the Drell Yan Process

Sy D X Gy

Quarks Interact in the Initial State

Interference of Coulomb Phases for S and P states

Produce Single Spin Asymmetry [Siver’s Effect]Proportional

to the Proton Anomalous Moment and a. i CollSin}sl; »
Opposite Sign to DIS! No Factorization wang,sjbc it
Comg E%I}g;mity QCD at the A81;1p11tude Level Stan Brodsky; SLAC



Origin of Nuclear Shadowing
in Glauber - Gribov Theory

q
. il
A il
N2

N

Interference of one-step and two-step processes
Interaction on upstream nucleon diffractive

Phase i X i = - 1 produces destructive interference
No Flux reaches down stream nucleon

Como Transversity QCD at the Amplitude Level
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Anti-Shadowing

1.2
| © EMC 2 E136
L. NMC 665 ©
= S | /ﬁs\is‘

8& | / 3 CT \‘
o 0.9- & L f:r
s % Q2= 5 GeV?

0.7 .
0.001 0.01 0.1 1

Shadowing X

Como Transversity

9-08-05
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M. Hirai, S. Kumano and T. H. Nagai,
“Nuclear parton distribution functions
and their uncertainties,”

Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].

Stan Brodsky, SLAC



Nuclear Shadowing in QCD

1-2005
8711A31

Nuclear Shadowing not included in nuclear LEFEWF !
Connection to DDIS

Como Transversity QCD at the Amplitude Level
9-08-05 86
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Reggeon
Exchange

Phase of two-step amplitude relative to one
step:

N L . Lu, sjb
%(1—z)xz=%(z—l—l) 5]

Constructive Interference

Yang, Schmidyt, sjb
Depends on quark flavor!

Thus antishadowing is not universal

Different for couplings of v*, Z0, W=

Momentum Sum Rule and

antishadowing:
Nikolaev, Zakharov

Comg —’I‘O%I—lg;mity QCD at the g‘;mplitude Level St odilsy SLAC



Shadowing and Antishadowing in Lepton-Nucleus Scattering

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

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

e Antishadowing is Not Universal!
Electromagnetic and weak currents:
different nuclear effects |

Potentially significant for NuTeV Anomaly}

Comg —’I‘O%I—lg;mity QCD at the %mplitude Level St odilsy SLAC



0.6 |~

004 \\\\\‘ \\\\\‘

1072 107"
X

The nuclear shadowing and antishadowing effects at (Q?) = 1 GeV?

S. J. Brodsky, I. Schmidt and J. J. Yang,
“Nuclear Antishadowing in

Neutrino Deep Inelastic Scattering,”
Phys. Rev. D 70, 116003 (2004)
[arXiv:hep-ph/0409279].

Comg _Tg?_lgf;mity QCD at the étmphtude Level S Bodklsy SILAE



Estimate 20% effect on extraction of sin? 6y
for NuTeV

Need new experimental studies of
antishadowing in

e Parity-violating DIS Yang, Schmidt, sjb
e Spin Dependent DIS

e Charged and Neutral Current DIS

Comg %%I—lg;rﬁty QCD at the 9Aomphtude Level St odilsy SLAC



Diftractive Dissociation of

Pion
E791 Ashery et al.
by ~0 (1/k;)
¢ X1 kAM
“ T t%xz iz
1-2005 A A’

8711A41

Measure Light-Front Wavefunction of Pion
Two-gluon Exchange
Minimal momentum transfer to nucleus
Nucleus left Intact

Como Transversity QCD at the Amplitude Level
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Fluctuation of a Pion to a
Compact Color Dipole State

b, ~0 (1/k.)
¢ X1, Ky 1
-
1L -
T X, Kio
A A’

Color-Transparent Fock State For High Transverse
Momentum Di-Jets

u
H Same Fock State
ot Determines Weak
3 v Decay
Como Trdrsversity QCD at the Amplitude Level St odilsy SLAC
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Fluctuation of a Pion to a
Compact Color Dipole State

- . b, small
Small Size Pion Can J | ~ :
Interact Coherently on n 1 | ) -
Each Nucleon of ’ M

Nucleus 12005 A A

Diftractive Dijet Cross Section Color Transparent

M(tA — JetJetA') = A'M (N — JetJetN')F,(t)
do/dt(mA — JetJetA') =
Azdo/dt(nN — JetJetN')|Fu(t)|?

m — aV,
O RA A

Como Transversity QCD at the Amplitude Level

9-08-05 . Stan Brodsky, SLAC



e Fully coherent interactions between pion and nucleons.

e Emerging Di-Jets do not interact with nucleus.

do 2 2
2% ox A ~ 0
i K
o oc AY/3
E791 Collaboration, E. Aitala et al., Phys. Rev. Lett. 86, 4773 (2001)
9225 F 0450 ¢
$ 200 | $ 400 -
175 Pt & 350
150 | 300 -
125 250 ©
100 - 200 ©
75 150 ©
50 - 100 &
25 © | 50 E
@ irwi7\TVi\;:\':'\T':'\i:\j:\‘qri’\iji?iﬁitl:-,\;.;»r‘.}; O E \\>'"\‘"’}"-v»'1-77‘7\7\717.17,?,\?,?r<P~f—+«;ﬁ
0 0.1 0.2 03 0.4 0 0.2 0.4 0.6 0.8
g (Gev/c)’ a’ (Gev/c)
Como Transversity QCD at the AmplltUde LCVCI
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Ashery E79r:
Measure pion LEWF in diffractive dijet production
Confirms color transparency !

Mueller, sjb; Bertsch et al; Frankfurt, Miller, Strikman

A-Dependence results: g ox A®

k; range (GeV/c) o a (CT)
1.25 < k< 1.5 1.64 +0.06 -0.12 1.25
1.5 < k<20 1.52 + 0.12 1.45
20 < k< 2.5 1.55 + 0.16 1.60

a (Incoh.) = 0.70 £ 0.1

Conventional Glauber FermilLab E791
Theory Ruled Out ! Ashery et al
Como Transversity QCD at the Amplitude Level
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Diffractive Dissociation of a
Pion into Dijets
A — JetJetA’
W (x ko)

* E789 Fermilab Experiment 152 Kk £ 2.5GeV/
S =k =256eV/c

Ashery et al —
Y - Asy
50 - CZ
* 500 GeV pions collide on 40 &
nuclei keeping it intact 30 |
* Measure momentum of two 20 a
jets 10 - 1
@ ;h'l'\\\\\\\\\\\\\\\\\\'"
o 0 0.2 0.4 0.6 0.8 |
* Study momentum distributions x

of pion LF wavefunction

Como Transversity QCD at the Amplitude Level
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THE k, DEPENDENCE OF DI-JETS YIELD

do
de as( 8k2¢(u kt)
With ¢ ~ 7, weak ¢(k2) and a,(k?) dependences and G(z,k2) ~ k'*: j—,jt o
305 i
T;%/“ C -H-+ S K(—@,@
E
® o4 — GAUSSIAN
103 High Transverse
’ momentum dependence
2 \l consistent with PQCD/
10+
; H AdS/CFT
12 14 1.6 18 2 22 24 26 28 3
ke GeV /¢
Como Transversity QCD at the AmplltUde Level Stan BI'OdSky, SLAC
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Diffractive Dissociation of
Pion into Di-Jets

° Verify ColorTransparency S

e Pion Interacts coherently M x A, o x A?
on each nucleon of
nucleus!
e Pion Distribution similar w( x. k J_) oC x(l _ x)
Y

to Asymptotic Form
Also: AdS/CFT

* Scaling in transverse
momentum consistent

with PQCD




Coulomb Dissociate Proton

to Three Jets at HERA

A

Frankfurt
Strikman

Miller

-« < =
3 Jets { —

Measure W, (x;,k, ;) valence wavefunction of proton

Como Transversity QCD at the Amplitude Level
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Duality between strongly
coupled conformal theory and
weakly coupled type 11B string
theory

Como Transversity

9-08-05

QCD at the Amplitude Level
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Strongly Coupled Conformal QCD and Holography

Conformal Theories are invariant under the Poincaré and conformal transformations with

M, P* D, K", the generators of SO (4, 2).

QCD appears as a nearly-conformal theory in the energy regimes accessible to experiment.
Invariance of conformal QCD is broken by quark masses and quantum loops (running cou-
pling). For 3 = das(Q?)/dInQ? = 0 (fixed point theory), PQCD is a conformal theory:
Parisi, Phys. Lett. B 39, 643 (1972).

Phenomenological success of dimensional scaling laws for exclusive processes do /dt ~
1/3”_2 (n total number of constituents), implies QCD is a strongly coupled conformal theory

at moderate but not asymptotic energies (PQCD predicts powers of v and logs).

Theoretical and empirical evidence that a,(QQ?) has an IR fixed point (constant in the IR):
Alkofer, Fischer and Llanes-Estrada, hep-th/0412330; Brodsky, Menke, Merino and Rathsman, hep-
ph/0212078;

Como Transversity QCD at the Amplitude Level
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AdS5 Metric

Holographic
Model

Mapping of Poincare’ and Conformal
SO(4,2) symmetries of 3+I space to
AdSgs space

J. Maldacena

String Particle in four dimensions

_ad
== __.--""--,--)
e
b -
i '==.=i :
% f
W
7|0
\"_-\.. __-"
-~
3
e 3
Fifth dimension Four-dimensional
Z space-time

Strings, particles and extra dimensions.
Strings moving in the fifth dimension are

represented in the everyday world

by their

projection onto the four-dimensional boundary
of the five-dimensional space-time. The same
string located at different positions along the
fifth dimension corresponds to particles of
different sizes in four dimensions: the further
away the string, the larger the particle. The
projection of a string that is very close to the
boundary of the four-dimensional world can

appear to be a point-like particle.

Como Transversity QCD at the Amplitude Level
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New Perspectives on QCD
Phenomena from AdS/CFT

* AdS/CFT: Duality between string theory in Anti-de
Sitter Space and Conformal Field Theory

* New Way to Implement Conformal Symmetry

* Holographic Model: Conformal Symmetry at Short

Distances, Confinement at large distances

* Remarkable predictions for hadronic spectra,
wavefunctions, interactions

* AdS/CFT provides novel insights into the quark

structure of hadrons

Como Transversity QCD at the Amplitude Level

9-0 8-6 5 ro4 Stan Brodsky, SLAC



e Polchinski & Strassler: AAS/CFT builds in
conformal symmetry at short distances, counting,
rules for form factors and hard exclusive
processes; non-perturbative derivation

* Goal: Use AdS/CFT to provide models of hadron

structure: confinement at large distances, near
conformal behavior at short distances

* Holographic Model: Initial “classical”
approximation to QCD: Remarkable agreement
with light hadron spectroscopy

* Use AdS/CFT wavefunctions as expansion basis
for diagonalizing H¥cp ; variational methods

Como Transversity QCD at the Amplitude Level
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deTeramond, sjb AdS / CFT z= R*/r

Use mapping of SO(4,2) to AdSs

Scale Transformations represented by

wavefunction W(r) in §th dimension
xﬁ—>>\2:1:/% = r—y =

Holographic model: Confinement at large
distances and conformal symmetry at short

' 1
distances 0<2<20=plto,r>ro="NAgcpR?

Z — Az

Match solutions at large r to conformal
dimension of hadron wavefunction at short

distances
»(r) — r~2 at large r, small z

Truncated space simulates “bag” boundary
conditions b(20) = 1(rg) = 0 r = 12



|
0.3 ! Match fall-off at large r to |
: Conformal Dimension
0.2 | of State at short distances -
o |
o ]
0.1 ] —A(n,0) |
A ] |
| |
-0.1 |
|
| | Truncated AdSs space
~0.2f
| I'o — AQCDRZ
-0.3 |
| Y(ro) =0
| |
0.5 1 1.5 2 2.5
I To ‘ T
|
Como Transversity QCD at the Amphtude LCVCI
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Predictions N | o
of AdS/CFT 6
Only one
parameter! T il
T ] Guy de Teramond
Entire light %‘j . Noreen STB
quar k “'v B Phys.Rev.Lett.94:
baryon : | 201601,2005
spectrum . hep-th/0501022
0 ' L ' L I |

1-2005
8694A7 L

Fig: Predictions for the light baryon orbital spectrum for AQCD =0.22 GeV

Como Transversity QCD at the Amplitude Level
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e SU(6) multiplet structure for IV and A orbital states, including internal spin .S and L.

SU®6) S L Baryon State
+
56 1 o N17(939)
3 0 A3 T (1232)
70 i 1 NZ7(1535) N3 (1520)
3 1 N17(1650) N3 7 (1700) N5 (1675)
1 1 AL7(1620) A3 (1700)
56 1 2 N 2T (1720) N 3T (1680)
+ + + +
3 2 A L7 (1910) A27T(1920) A2 T (1905) ALZT(1950)
70 13 N2T NIT
3 3 N2T N2T NI7(2190) NI (2250)
1 3 AS7(1930) AZ™
56 1 4 NIT NIt (2220)
3 4 AST ATT AT AllT(2420)
70 i s NT NilT
3 5 NI N2T  Nil7T(2600) NL3T
' CD at the Amplitude Level
Como Transversity Q p Stan Brodsky, SLAC
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1-2005
8694A10 L L

Fig: Light meson orbital spectrum: 4-dim states dual to vector fields in the bulk, Agcp = 0.26 GeV

Guy de Teramond
SJB

Como Transversity QCD at the Amplitude Level
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Glueball Regge trajectories from gauge/string duality and the

Pomeron

Henrique Boschi-Filho,* Nelson R. F. Braga, and Hector L. Carrion?

Instituto de Fisica, Uniwersidade Federal do Rio de Janeiro,

10 ]
8
5 6 ]
4
2+ ]
I s N .
M? (GeV?) M? (Gev?)
Neumann Boundary Conditions Dirichlet Boundary Conditions
i CD at the Amplitude Level
Como Transversity Q p Stan Brodsky, SLAC
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Features of HolographicModel

de Teramond sjb

* Ratio of proton to Delta trajectories= ratio of
zeroes of Bessel functions.

o One scale AQCD determines hadron spectrum
(slightly different for mesons and baryons)

* Only quark-antiquark, qqq, and g g hadrons appear

at classical level

e Covariant version of bag model:
confinement+conformal symmetry

Como Transversity QCD at the Amplitude Level

9-0 8-0 5 s Stan Brodsky, SLAC



New Perspectives on QCD
from AdS/CFT

e Holographic Model from AdS/CFT : Confinement at large

distances and conformal behavior at short distances

e AdS/CFT predicts Light-front wavefunctions:
Fundamental description of hadrons at amplitude level

e AdS/CFT: gluonium (gg) , meson (q g), and baryon (qqq)
spectra

e Quark-interchange dominates scattering amplitudes

e No ggg bound states

Comg _Tor?}g;mity QCD at the zéglplitude Level St odilsy SLAC



AdS/CFT and Light-Front

Wavefunctions

* Light-Front Wavefunctions can be determined by
matching functional dependence in fifth
dimension to scaling in impact space.

2207 — (d— 1)z 0, 4+ 2* M® — (uR)?] f(2) =0,

Z%C:b\/m(l—m)

* High transverse momentum behavior matches

PQCD LFWF with orbital: Belitsky, Ji, Yuan

Como Transversity QCD at the Amplitude Level
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, b
veeb) AdS/CFT
prediction for
meson LEWF
Holographic Model
Guy de Teramond
SJB

Two-parton ground state LFWF in impact space ¢ (x,b) foraforn = 2,{ =0,k = 1.

Como Transversity QCD at the Amplitude Level
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Prediction for the pion form factor in the holographic model (hnumerical analysis):

F(Q)
1.5}
1.25
i
.
0.75! H
.
0.5
0.25¢
=1 0 1 B
time-like QQ

space-like (Q
de Teramond, SJB

Stan Brodsky, SLAC
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Holographic Model AdS/CFT Guy de Teramond

prediction for 2B
meson LEW
bl Fr) = = /AQCD ach [ =) g em
L\4&y ] _47'(' . 0 \/;1;(1—3;) 1+L
At large k L‘ the LEWEF' has the scaling/ behavior
- S ~L 1 14+L
- F | r(l — )
¢(37> kJ_) — o 9
vVl — ) k9

Como Transversity QCD at the Amplitude Level
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Holographic Model Guy de Teramond AdS/CFT
SJB prediction for

meson LEWE

Figure 1: Two-parton bound state light-front wave function ZZL(ZE, b.) as function of the
constituents longitudinal momentum fraction z and 1 — x and the impact space relative
coordinate b, in a holographic QCD model. The results for the ground state (L = 0) are
shown in (a). The predictions for first orbital exited states (L = 1 and L = 2) are shown in
(b) and (c) respectively.

Com(9)_"g§r_1évSersity QCD at the IA/ngmplitude Level Stan Brodsky, SLAC



AdS/CFT and QCD

Bottom-Up Approach

Nonperturbative derivation of dimensional counting rules of hard exclusive glueball scattering
for gauge theories with mass gap dual to string theories in warped space:
Polchinski and Strassler, hep-th/0109174.

Deep inelastic structure functions at small x:
Polchinski and Strassler, hep-th/0209211.

Derivation of power falloff of hadronic light-front Fock wave functions, including orbital angular
momentum, matching short distance behavior with string modes at AdS boundary:
Brodsky and de Téramond, hep-th/0310227.

Low lying hadron spectra, chiral symmetry breaking and hadron couplings in AdS/QCD:
Boschi-Filho and Braga, hep-th/0209080; hep-th/0212207. de Téramond and Brodsky, hep-th/040907
hep-th/0501022; Erlich, Katz, Son and Stephanov, hep-ph/0501128; Hong, Yong and Strassler,
hep-th/0501197; Da Rold and Pomarol, hep-ph/0501218.

Como Transversity QCD at the Amplitude Level
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New Perspectives on QCD
from AdS/CFT

e LFWFs: Fundamental description of hadrons at
amplitude level

* QCD is Nearly Conformal

* Holographic Model from AdS/CFT :
Confinement at large distances and conformal
behavior at short distances

* Model for LEWFs, meson and baryon spectra

Comg E%I—Ig;mity QCD at the jl&zr(rjlpl1tude Level Stan Brodsky, SLAC



New Perspectives on QCD
from AdS/CFT

* Holographic Model from AdS/CFT :

Confinement at large distances and conformal
behavior at short distances

* Physics similar to MI'T bag model, but covariant,
* No problem with support o <x < 1.

* Quark-interchange dominant scattering
mechanism

Como Transversity QCD at the Amplitude Level

9-08-05 o1 Stan Brodsky, SLAC



Why iIs quark-interchange dominant over gluon
exchange?r

Example: M(KTp — KTp) u—12

Exchange of common w quark
Mo = [ d2k | dz A

QIM 1dz Yoy p AP ayYp
Holographic model (Classical level):

Hadrons enter 5th dimension of AdSs

Quarks travel freely within cavity as long as

separation z < zg = /\Qch

LFWFs obey conformal symmetry producing
quark counting rules.

Comg —’gﬁl—lg;mity QCD at the éznquhtude Level St odilsy SLAC



Mpr=(p |E "Kl‘/)t)
5<¢FlA|¢J>

2(277 f gkf )2 AZ[JC(E ""er_;x)ZpD(k +(1 - x)q_l.,x)Z/)A(k -xr¢+(l-x)qL,x)z/)B(kL,x)

where
A=$~Mj2-M?~K,~K, K, -K,
= M2+ Mg~ S (k, +(1-x), ~xF, ,x) =Sy (k, ,x)
= M® + M,? —Sc(-l::_L ~XT, ,X) --SD(IT:L +(1 -x)q,,x) .

Formula for quark interchange using LFWFs

Blankenbecler, Gunion, sjb; Sivers

Como Transversity QCD at the Amplitude Level

9-0 8-0 5 or Stan Brodsky, SLAC
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Blankenbecler, Gunion, sjb

MIT Bag Model
predicts dominance of quark

interchange: de’lar

Stan Brodsky, SLAC



A 7710 Gevie
102 +
© K10 GeVic [
o K5 Geve
=== Parton Model

el
}+ ‘?snlucl.q--a-h

Ty,

cos B m,
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Hadrons Fluctuate in Particle

Number

e Proton Fock States
luud >, |uudg >, |uudss >, |uudc¢ >, |uudbb > - -

e Strange and Anti-Strange Quarks not Symmetric
s(x) 7 5(x)

* “Intrinsic Charm”: High momentum heavy quarks
e “Hidden Color”: Deuteron not always p + n

* Orbital Angular Momentum Fluctuations -
Anomalous Magnetic Moment

Como Transversity QCD at the Amplitude Level

9-08-05 26 Stan Brodsky, SLAC



Measure c(x) in Deep Inelastic
Lepton-Proton Scattering

A
Via

8711A83

Hoyer, Peterson, SJB

Como Transversity QCD at the Amplitude Level
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Intrinsic Charm in Proton

u B
/ \ R LLLRE ’C luudcc > Fluctuation in Proton
N "R QCD: Probability — QCD
P, C,_ o
= G OPE derivation - M.Polyakov et al.
B :
\ [u_ S cc 1n Color Octet
/ B 4 G
22008 G High x charm
8711A82
Distribution peaks at equal rapidity (velocity)
Therefore heavy particles carry the largest mo-
mentum fractions
In lete”¢7¢~ > Fluctuation in Positronium

contrast: QED: Probability N(”AZ—?O‘)“



EMC Measurements of the
Charm Structure Function

J. J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

107
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Analysis by

E. Hoffmann and R. Moore, Z. Phys. C 20, 71 (1983).
Photon Gluon Fusion Factor 30 too small

129



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

e High zp pp — J/¥X

e High zp pp — J/9pJ/hX

e High xp pp — AcX

e High zp pp — N\ X

e High zp pp — =(ced) X (SELEX)

Como Transversity QCD at the Amplitude Level
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Nuclear effects in Quarkonium production

E772 data

E772, p+A—> pu'y

Integrated Cross Section Ratios

””10 “I1I00
Mass Number

1.0

0.8

0.6

p +Aat s1/2 = 38.8 GeV

o(p+A) =AY o(p+N)
Strong XF - dependence

| ® E366/NuSea ﬁ |
07 L O NAS [2{]{] GE“'-'II:I _

< EFT2 I

TN T T T T T N N T T T T T ol
00 02 04 06 08 10
X

F

¥

1.0
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08

0.6

0.5

L]
.
-
-
E
i
e

f

Nuclear effects scale with xg, not x2 111

Como Transversity
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Doubly-Diftractive Higgs
Production

Pz 0 140
JVW,Y,Z" H

Pa+Pb— pe+pas+H’ Kopeliovitch, Softer,

Schmidt, sjb

1-2005
Pb 8711A85

Py =rh+p,— k- D}

Low transverse momentum protons p., pq

Higgs appears in Missing Mass spectrum dN /dM?
M? = py

Intrinsic Charm: Large range of Higgs
momentum xp = p3, / ps

Extrapolate from doubly diffractive J /1, Y, Z°

production 132



Higgs Production at High xr
pp — HX

* Intrinsic Charm and Bottom Couples to Higgs

* Higgs will carry high momentum fraction of
projectile momentum

e Small transverse momentum

e Same xr Distribution as Quarkonium

e Axial Detector?
Kopeliovich, Schmidt, Soffer, SJB

Comg %%I_lg,sersity QCD at the I;Asmphtude Level St odilsy SLAC



Hidden Color in QCD  Lepage,Ji, sib

* Deuteron six quark wavefunction:

* ¢ colorsinglet combinations of 6 color-triplets —-
one state isIn p>

* Components evolve towards equality at short
distances

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

e Predict %(yd — AT™"A™) ~%%(yd — pn) at high Q?

Como Transversity QCD at the Amplitude Level

9-08-05 o Stan Brodsky, SLAC



Structure of
Deuteron in

QCD
VA
k- 4 - NP
\ L, - "
’ 7
D W
R W A _
/" & . A 5
7 P
A N =N
P
Hidden Color Delta-Delta
Fock State Fock State
Como Transversity QCD at the AmplltUde LCVCI
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The evolution equation for six-quark systems in which the constituents have the light-cone longitudi-
nal momentum fractions x; (i=1,2,...,6) can be obtained from a generalization of the proton (three-
quark) case.? A nontrivial extension is the calculation of the color factor, C,, of six-quark systems®
(see below). Since in leading order only pairwise interactions, with transverse momentum @, occur
between quarks, the evolution equation for the six-quark system becomes {[dy]=6(1 - 25,9, [I5-.4y,
Cpo=(n2-1)/2n,=%, B=11-2n,, and n, is the effective number of flavors |

9  3Crl; __C, A NE (v
ka g B q)(xt,Q) B '[0 [dy]V(xz’yg)(b(y;’Q),

B [9%ar? o 1. 1n(Q 2 /A?)
g(Q )—Z;j;oz b2 as(k ) ln(ln(QOz/Az)>.

Vix,,v;)= ZkaEH(y,—x)H 6(x, - y;)y"<5“§1—+ = )

i#j 1#4,] X;+X Vi—X;

where 6,z =1 (0) when the helicities of the constituents {i,j} are antiparallel (parallel). The infrared

s1ngu1ar1ty at x;=v, is cancelled by the factor A@(y,, Q)=%(y,,Q) - @(x,, Q) since the deuteron is a
color singlet.
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Quantum Chromodynamic Predictions for the Deuteron Form Factor
Fy(@2)=J, lax][av]e, (v,Q)

X T %(x,y,Q)¢,(x,Q), (1)
where the hard-scattering amplitude
Ty V= 00=[a,(Q2)/Q2]%t(x,y)
x [1+0(a,(Q2)] (2)

gives the probability amplitude for scattering six
quarks collinear with the initial to the final deu-
teron momentum and

->

0o, @) [T a2, 10,y oo, Rus) (3)

Ji, Lepage, sjb
y,(p+a)

p+q
P p+q

¢(x,Q) $(y,Q)

FIG. 1. The general structure of the deuteron form
factor at large Q2.

Como Transversity QCD at the Amplitude Level
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QCD Prediction for Deuteron Form
Factor

F(Q?)= [ ok ]zd (m%)-y"d_ymd[uo(as(czz,%‘-)}

‘}T 6.0 ] [ T ] T
“ . g - A= 100 MeV (@) -
Define “Reduced” Form Factor a0k 10 Mev ~
o B ¢ | GeV-

fol @)= Fa S o

. 2( 2 /
Fy(Q%/4) g ol
T, |
Same large momentum transfer =
behavior as pion form factor o

Q2  (Gev?)

FIG. 2. (a) Comparison of the asymptotic QCD pre-
diction f; @2 (1/Q [ 1In @Q2/A?]~1-@/9Cr/B with final

fd(Qz) ~

o (QZ) Q2 = 2/5 ) CF /B data of Ref. 10 for the reduced deuteron form factor,
Q2 A2

son of the prediction [1 + Q¥/m )] f,@dx<[In @2/
AY]-1-(2/5 Crp/B with the above data. The value

138 = 0.28 GeV? is used (Ref. 8).

where Fy(@9 =[1+Q?%/(0.71 GeV?)]~%. The normaliza-
tion is fixed at the Q 2= 4 GeV? data point. (b) Compari-



—~ | | | | | |
=
R 04 i Deuteron Reduced Form Factor
= 0.

N& % ~ Pion Form Factor X 15%
?Z 0.3 —
T ;
—02F .
£ %*Jr’ ot ¢ ¢
%?'031-— f ¢ i
I N N N N B |

0) 1 2 3 4 ) 6 7
2763M18 —q° (GeV?)

* 15% Hidden Color in the Deuteron
Como Transversity QCD at the Amplitude Level

9-08-05%
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Test Hidden Color of

Deuteron

Diffractive, Coulomb Dissociation to ATTA

Photodisintegration of Deuteron to A™" A’
* Connection to EMC

* Deuteron not simply n + p

Como Transversity QCD at the Amplitude Level

9-0 8-0 5 V6 Stan Brodsky, SLAC



Physics of Rescattering

* Diffractive DIS: New Insight into Final State
Interactions in QCD

* Origin of Hard Pomeron

* Structure Functions not Probability Distributions
* T-odd SSAs, Shadowing, Antishadowing

* Diffractive dijets/ trijets, doubly diffractive Higgs

* Novel Effects: Color Transparency, Color
Opaqueness, Intrinsic Charm, Odderon

Como Transversity QCD at the Amplitude Level

9-0 8-0 5 - Stan Brodsky, SLAC



* Light-Front Fock Expansions
* LFWFs boost invariant

e Direct connection to form factors, structure
functions, distribution amplitudes, GPDs

* HigherTwist Correlations

* Orbital Angular Momentum, physical

polarization in A* = o gauge
* Sum Rules

* Validated in QED, Bethe-Salpeter Eqn.
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QCD at The Amplitude Level

Light-Front Fock Expansions

LEWPFs boost invariant

Direct connection to form factors, structure
functions, distribution amplitudes, GPDs

Higher Twist Correlations

Orbital Angular Momentum

Validated in QED, Bethe-Sal

beter

AdS/CFT Holographic Model
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New Perspectives on QCD
from AAS/CFT

e LFWFs: Fundamental description of hadrons at
amplitude level

e QCD is Nearly Conformal

e Holographic Model from AdS/CFT : Confinement at large
distances and conformal behavior at short distances

e Model for LFWFs, meson and baryon spectra

* Quark-interchange dominates scattering amplitudes
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Outlook

Only one scale Agcp determines hadronic spectrum (slightly different for mesons and baryons).
Ratio of Nucleon to Delta trajectories determined by zeroes of Bessel functions.

String modes dual to baryons extrapolate to three fermion fields at zero separation in the AdS

boundary.
Only dimension 3, % and 4 states qq, qqq, and gg appear in the duality at the classical level!

Non-zero orbital angular momentum and higher Fock-states require introduction of quantum

fluctuations.
Simple description of space and time-like structure of hadronic form factors.

Dominance of quark-interchange in hard exclusive processes emerges naturally from the

classical duality of the holographic model. Modified by gluonic quantum fluctuations.

Covariant version of the bag model with confinement and conformal symmetry.
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