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Gool;

e Use AdS/CFT to provide an
approximate, covariant, and
analytic model of hadron structure
with confinement at large
distances, conformal behavior at
short distances

* Analogous to the Schrodinger
Equation for Atomic Physics

o AdS/QCD Holographic Model



Applications of AdS/CFT to-QCD
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tolography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic radial equation: Frame Independent

V(0] (0 = MPo(0)

G. de Teramond, sjb

(2 =2x2(1 - x)bi

(1—-2)

2
Effective conformal vV ( C) o 1 —4L
potential: — A CQ :
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AdS/CFT Predictions for Meson LFWF ¥ (x,b )

Aqcp = 0.32 GeV k= 0.76 GeV,

Truncated Space  Harmonic Oscillator

JLab Exclusive Processes & AdS/QCD

May 22,2007 6 Stan Bl’OdSky, SLAC
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AdS / C FT Anti-de Sitter Space <>Conformal Field Theory

Maldacena:
Map AdSs X Ss to-conformal N=4 SUSY

* QCD is not conformal; however, it has
manifestations of a scale-invariant theory:
Bjorken scaling, dimensional counting for hard
exclusive processes

 Conformal window: «o(Q?) ~ const at small Q2

» Use mathematical mapping of the conformal
group SO(4,2) to AdS5 space

e Evidence for IR Fixed Point

JLab Exclusive Processes & AdS/QCD

May 22, 2007 S Stan Bl’OdSky, SLAC



Conformal window 8(Q2) = es(@2)

Infra;ed fixed-point dlog Q?
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Define QCD Coupling fromv
O b‘&&/\/a/b{& Grunberg

Ry,  y(s)= 3qu§ [1 O‘Rﬁ(s)]

(r — Xev)(m2) = Fo(r — udev) x[1427072)]

Effective Charges: analytic at quark mass thresholds, finite at small momenta

Deur et al: Effective Charge from Bjorken Sum Rule

JLab Exclusive Processes & AdS/QCD
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QCD Eftfective Coupling from
hadronic t decay
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Deur, Korsch, et al: Effective Charge from Bjorken Sum Rule
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IR Fixed-Point for QED!

LA C D t=-Q@2<0
vac.uunin ~ (t spacelike)
polarization £
0 1+\/1—|—
N(Q?) = 0‘3&)[5—4&— )\/1 L 4m2 |oq
e
nQ?) = a(o) 'OS%Q Q2 >> 4M?2
_dlzr) _ 4 2 _ «a(0)
B = dlogQQ — 3(%) ng > 0 Oé(t) — 1-1(¢)
H(Qz) — a(O) Q Q2 << AM? Serber-Uehling

157 m

2
B % vanishes at small momentum transfer
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Covnstituent Counting Rules

A\WC
B/ \D

Ntot =N A +np+nc +np

do _ F(6cm) — 2
E(S7t) - S[ntot—Q] ’ -

Fr(Q2) ~ [

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

Conformal symwmetry and PQCD predict leading-twist
scaling behawvior of fixed-CM angle exclusive amplitudes

Nonperturbative derivatiow fromAdS/CFT
Polchinski & Strassler, de Teramond and sjb; Grigorian and Radyushkin

Many new J-Lab-(12), J-PARC, GSI, Belle; Babow tests
JLab Exclusive Processes & AdS/QCD

May 22, 2007 15 Stan Bl’OdSky, SLAC



Leading-Twist PQCD Factorigaliow for
]C()VWU ]CathO‘V' % %OZM/M/\/ e Ownphtbtd%/ Lepage, sjb
Efremov, Radyushkin

baryon distribution.
amplitude

M= ”dwidyiqﬁF(l’i,Q)XTH(%%Q)ECM(%Q)

e If as(Q?) ~ constant

Q*F;(Q%) ~ constant

,71~1/Q

JLab Exclusive Processes & AdS/QCD

May 22,2007 16 Stan Bl’OdSky, SLAC



Lepage, SJB

Hadron Distribution Amplitudes
Q) =NZ) [Cd%ky n(wi k1)

¢(x;,

Fundamental measure of valence wavefunction

Gauge Invariant (includes Wilson line)

Evolution Equations, OPE

Conformal Expansion

Hadronic Input in Factorization Theorems

JLab
May 22, 2007

Exclusive Processes & AdS/QCD
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Conformal behavior: Q2F;(Q?) — const Q*F1(Q2?) — const

N? 0 8 B + CERN rn-e scattering QCD S Rul

<~ | + CERNmescattering ... um Rules (Nesterenko, 19
% * DESY (Ackermann) -.-. pQCD (Bakulev et al, 2004)

S | 0 DESY (Brauel) —  BSE-DSE (Maris and Tandy,
u_lio 6 @ JLab (Tadevosyan) ---- Disp. Rel. (Geshkenbein, 2
NO - H this work

Determination of the Charged Pion Form Factor at
Q2=1.60 and 2.45 (GeV/c)2.

By Fpi2 Collaboration (T. Horn et al.). Jul 2006. 4pp.
e-Print Archive: nucl-ex/0607005

Q? (GeV/c)?

5 10 15 20 25 30 3%
Q° [GeV?]

Generalized parton distributions from nucleon form-factor data.
M. Diehl (DESY), Th. Feldmann (CERN),

R. Jakob, P. Kroll (Wuppertal U.) .
DESY-04-146, CERN-PH-04-154, WUB-04-08, Aug 2004. 68pp.

G. Huber
Published in Eur.Phys.J.C39:1-39,2005
e-Print Archive: hep-ph/0408173
JLab Exclusive Processes & AdS/QCD
Stan Brodsky, SLAC
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Features of Howd Exclusive
Processes inv PQCD

Factorization of perturbative hard scattering subprocess
amplitude and nonperturbative distribution amplitudes M = [ Thg x T¢;

Dimensional counting rules reflect conformal invariance: M ~ %
0]

Hadron helicity conservation: Y. ... )\ZH = > final )\5.{ Lepage, sjb
Color transparency Mueller, sjb

Hidden color  Ji, Lepage, sjb

Evolution of Distribution Amplitudes Lepage, sjb; Efremov, Radyushkin

JLab Exclusive Processes & AdS/QCD

May 22, 2007 19 Stan Bl’OdSky, SLAC



s’do/dt (10°GeV™ nb/GeV?)

Test of PQCD Scaling

Constiti ng/ v Farrar, sjb; Muradyan, Matveey, Tavkelidze
YP—7 N & Fujiiet al (1977) . N
_ é_ N
A g,'};?fig‘g} 5:9371'%;275) s’'do/dt(yp — w'n) ~ const
o Fi t . .
? Y Data taken Before 1070 fixed O¢yy scaling
— SAID (2002)
-—- MAID (2007)
} PQCD and AdS/CFT:
3
sha=249(A+ B — C+D) =
? FA+B—>C+D(6CM)
7do +
1 (YP —n'n) =F(Ocy)

S
e % na—1434213=9

i 15 2 25 3 35 4 No sign of running coupling
Vs (GeV)
Conformald inwawiance
JLab Exclusive Processes & AdS/QCD

Stan Brodsky, SLAC
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n=4x3—-2=10
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Gel/?

Best FiX

n=9.7+0.5

Reflects
underlying
conformal

scale-free
interactions

P.V. LANDSHOFF and J.C. POLKINGHORNE

Exclusive Processes & AdS/QCD
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do/dt (nb/GeV?)
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Deuteron Photodisintegration.

J-Lab

PQCD and AdS/CFT:
st 249 (A+ B — C+ D) =
FA+B—>C+D(6CM)

11d0<

yd — np) = F(6cpy)

gy — Y =

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

Reflects conformal invariance

[T 30° = 87 <40° C 40° = ¥% <50°
2 2 “oen,. =329 F X’=1.28
£ ‘®ome. , 2
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Check of CCR

Fit of do/dt data for
the central angles and
P;21.1 GeV/c with

A S—11
For all but two of the fits
°< 1.34

Better x? at 55° and 75° if different data
sets are renormalized to each other

‘No data at P;21.1 6eV/c at forward and
backward angles

*Clear s™!! behaviour for last 3 points at 35°

Data consistent with CCR

JLab Exclusive P;
May 22, 2007
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* Remarkable Test of Quark Counting Rules

* Deuteron Photo-Disintegration yd — np

do __ F(t/s)
® dt — Sntot—Q
® Ntot — 1 &) 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

JLab Exclusive Processes & AdS/QCD

May 22,2007 25 Stan Bl’OdSky, SLAC



10 o

19 (@) +j: O)K'K
o - Belle ~ | -« Belle
% i}it;%; = ALEPH % i —Q%— Two-Photon
— £, — Reactions
o | — o
= - Hard Exclusive Processes:
g E Fixed angle
5 ol

W[GeV] W[GeV]

£ (c) PQCD, AdS/CFT:
S 1 ESREANE Jf to— KT K ~ 6
S o o e T | Ao(yy —n"n KT, K™ ) ~1/W
50:45— ‘ COS(@CM)‘ < 06
b 0.2; o

W e e ® ® ' Conformal invariance at high momentum transfers!

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.

Exclusive Processes & AdS/QCD
JLab x v 26 Q Stan Brodsky, SLAC
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, do 16ma? | Far(s)]?
PQCD M—I—M— ~ M
d|cos 6% 7= ) s  sin*0*

2.40-2.50GeV 2.50-2.60GeV 2.60-2.70GeV 2.70-2.80GeV 2.80-2.90GeV 2.90-3.00GeV

JJJ% > w 'ﬁiﬁf}#

B.00-3. T0GeV 0-320GeV B. 20-3.30GeV - B30-3.40GeV _ P.A0-3350GeV  B.30-3.60GeV

e o]

3.60-3.70GeV  PB.70-3.30GeV . B.30-3.90GeV  B.90-4.00GeV | H.00-410GeV

*

do/glcose I

N
(3]

-1
0

o

g
(3]

03 o 03 o 03 0 03 0
lcoso |
4. Angular dependence of the cross section, oy ‘do/d|cos 0*|, for

the 777 (closed circles) and KTK~ (open circles) processes. The curves are
1.227 x sin~* @*. The errors are statistical only.

Measurement of the vy — 777~ and
vy — KTK~ processes

at energies of 2.4—4.1 GeV

Belle Collaboration
JLab Exclusive Processes & AdS/QCD

May 22,2007 27 Stan Bl‘OdSky, SLAC



Compton-Scattering Cross Section on the Protow at Highy Momentwm Tronsfer

10°e x10 )
- / s =6.8 GeV
— E_ \*\
N> : ISTa A A A
Qo 1=
s F Jefferson Lab
z F Hall A
B F Collaboration
© 10 =
10%5 > J 6 8
-t (GeV?) T 1 ]
, b4 { ' -
Compton at fixed angles falls g ]
faster thoww photobroduction! ~ - é -
prowop S T 1 pPQCD
c 6_ I + —
- T ’ 6
Open points: Cornell measurement 5:— _:
M. A. Shupe et al., Phys. Rev. D 19, 1921 (1979). |- -
e T B0 T 10 10
O.m (deg)
JLab Exclusive Processes & AdS/QCD
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VENUS Collaboration / Physics Letters B 407 (1997) 185-192
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Why do- dimensional counting
rudes worvk so-well?

* PQCD predicts log corrections from powers of X,
logs, pinch contributions Lepage, sjb; Efremoy,
Radyushkin; Landshoft; Mueller, Duncan

e DSE: QCD coupling (mom scheme) has IR Fixed
point  Alkofer, Fischer, von Smekal et al.

e Lattice results show similar flat behavior  Furui, Nakajima

e PQCD exclusive amplitudes dominated by
integration regime where 0 is large and flat

JLab Exclusive Processes & AdS/QCD

May 22,2007 30 Stan Bl’OdSky, SLAC



Conformal symmetry: Template for QCD

* Take conformal symmetry as initial approximation;
then correct for non-zero beta function and quark
masses

* Eigensolutions of ERBL evolution equation for

distribution amplitudes V. Braun et al;
Frishman, Lepage, Sachrajda, sjb

e Commensurate scale relations: relate observables at
corresponding scales: Generalized Crewther Relation

e Fix Renormalization Scale (BLLM)

e Use AdS/CFT

JLab Exclusive Processes & AdS/QCD

May 22, 2007 31 Stan Bl’OdSky, SLAC



Conformad Theories are irwawriont under the
Poincowre and conformal tronsformations with

M~AY PE D, KF,
the generators of SO (4,2)

S$O(4,2) has a mathematical representation on AdS;5



* 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 an approximate model of hadron
structure with confinement at large distances, conformal behavior
at short distances

* de Teramond, sjb: AdS/QCD Holographic Model: Initial “semi-
classical” approximation to QCD. Predict light-quark hadron
spectroscopy, form factors.

e Karch, Katz, Son, Stephanov: Harmonic Oscillator Confinement

* Mapping of AdS amplitudes to 3+ 1 Light-Front equations,
wavefunctions

* Use AdS/CFT wavefunctions as expansion basis for diagonalizing
HLFqcp ; variational methods

JLab Exclusive Processes & AdS/QCD

May 22,2007 33 Stan Bl’OdSky, SLAC



Scale Transformations

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

R2 wwowrtont measure

ds* (nuvdztdz” — dz?), ——-_——

T2
xt — Axt, z — Az, maps scale transformations into the holographic coordinate z.
e AdS mode in z is the extension of the hadron wf into the fifth dimension.
e Different values of z correspond to different scales at which the hadron is examined.
2 — Nx? 2> Az
2

xr° = a:u:z:“: invariant separation between quarks

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

JLab Exclusive Processes & AdS/QCD

May 22,2007 34 Stan Bl‘OdSky, SLAC



JLab
May 22, 2007

5-Dimensional
Anti-de Sitter

Spacetime Truncated AdS Space

4-Dimensional
Flat Spacetime
(hologram)

Exclusive Processes & AdS/QCD

35 Stan Brodsky, SLAC



Guy de Teramond

AdS/CFT

Use mapping of conformal group SO(4,2) to AdSs

Scale Transformations represented by wavefunction (z)
in §th dimension 22 — X%z z— Az
Holographic model: Confinement at large distances

and conformal symmetry in interior 0 < z < 2g

Match solutions at small z to conformal dimension of
hadron wavefunction at short distances (z) ~ 22 at 2 — 0

Truncated space simulates “bag” boundary conditions

1
¢(ZO) =0 <0 — AoCD

JLab Exclusive Processes & AdS/QCD

May 22,2007 36 Stan Bl’OdSky, SLAC



Identify hadron by its interpolating operator atz -- >0

5

4 Confinement
in the 5th

3 Jdimension

0
0 4
AN\ =3+ L:
_ 1
Twist dimension “0 = Agep
of baryon
de Teramond, sjb
JLab Exclusive Processes & AdS/QCD

May 22,2007 37 Stan Bl’OdSky, SLAC



®(z) = 23/2¢(2)

AdS Schwodinger Eguation for bound state
of two- scalow constituenty

[— &+ V(2)]6(2) = M26(2)

Truncated space

2
V(z) = 1;;1211 $(z=120=4L)=0.

Alternative: Harmonic oscillator confinement.

2
V(z) = —1:1;%‘ - 72 Karch, et al.

Derived fromv vawiation of Actionw invAdSE5

JLab Exclusive Processes & AdS/QCD

May 22,2007 38 Stan Bl’OdSky, SLAC



Match fall-off at small 3 to- conformal twist dimensio
at shovt distonces

e Pseudoscalar mesons: Os,1, = ¢¥y5Dyy, ... Dy 100 (2, = 0 gauge).

e 4-d mass spectrum from boundary conditions on the normalizable string modes at z = z,

®(x, z,) = 0, given by the zeros of Bessel functions 3, x: Ma.r = BaxAocD

e Normalizable AdS modes ®(2)

*@ ()
oL i
ZA
1t \ : 2 -
0 : SRR T 4 R0,
.0 1 2 3T 4 0 1 2 3 4
2 = 1 Z
AQcp
Meson orbital and radial AdS modes for Agcp = 0.32 GeV.
JLab Exclusive Processes & AdS/QCD
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| ' T i |
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B p (1700) — N
P, (1690)
a, (1450)
R a, (1320) B .
b, (1235)
» (782) B =
p (770) 7t (140)
i f, (1270) N -
a, (1260)
| . | . 14 . | . |
0 2 4 0 2 4
L L
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Bowyov Spectvruwm

e Baryon: twist-three, dimension % + L
Qg1 =¥Dy, ... De$Deyyy - Doyty, L= >
i=1

Wave Equatiow : | [2* 07 — 320, + 2°M? — L3 +4] fr(2) =0

with Ly = L +1,L_ = L + 2, and solution
U(z,z) = Ce ez2 [JH_L(ZM) U4 (P) + Joxp(zM) u_(P)

® 4-d mass spectrum \IJ(:U, ,zo)jE = (0 == parallel Regge trajectories for baryons !

M;_k = BakNQcD, ok = Pat1,5AQCD.
e Ratio of eigenvalues determined by the ratio of zeros of Bessel functions !

JLab Exclusive Processes & AdS/QCD
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Entire light

Prediction from Only one & barvon
ua aryo
AdS/QCD parameter! 1 Y
spectrum
| | | | N(2(ISOO)/'
S @ =1 [ o 1=32 ]
~ & N (2250) //// / 4
C% — N(2190) — 28228; /,/ B
o} A (1910) i
N A (1905) //
3 i d |
A (1232)
) i
¢ A(1700) o ?8
A (1620) e
| 1 | 1 | 1 | ! | ! | 1
° 0 2 4 6 0 2 4 6
B604A14 L L

Fig: Predictions for the light baryon orbital spectrum for AQC p = 0.25 GeV. The 56 trajectory corre-

sponds to L even P = + states, and the 70 to L odd P = — states.

Guy de Teramond
SJB
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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 0 N 17 (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 AlT(1910) A27T(1920) A5 (1905) AL T (1950)
1 5— 7 —
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
JLab Exclusive Processes & AdS/QCD
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Holographic Harmonic Oscillator Model: Baryons
(aII(¢) = M) ¥ () =0

1
HV(C) = — (dilc - VJCF 2’75 — HDQC%)

b
Q) = =i (g + r 2+ rs )

(HLF _ Mz) () =0, Hpp =TI

Uncoupled Schrodinger Equations Harmonic Oscillator Potential!

2 . 2
(4 + s — R = 2 D+ M) 4,00) =
(dd; + = 44&2; et +M2> o=

i (Q) ~ 22teTE2LY (K207,

Solution ; .
Yo(¢) ~ 2TTe ALY (RA(P),

Same eigenvalue! M? = 4K? (n+v+1)

JLab Exclusive Processes & AdS/QCD
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String Theovy

* Mapping of Poincare’ and
.Adﬁ/CFT Conformal SO(4,2) symwmetries of

3+1 space
Goal: First Approximant to-QCD } e AE0D e
C"g‘"’“““? : m LT Conformal behavior at short
Regrge/Trajeotorlijef/ Ad/S/QCD (T 1H—MH 2|1ernmlargve/
QCD at the Amplitude Level distonce

Semi-Classical QCD / Wave Equations

Holography
Boost Irvawriant 3+1 Light-Front Wave Equations
J=0,1,1/2,3/2 plus L Integrable!
Hadrow Spectra,, Wawvefunctions, Dynawmics

JLab Exclusive Processes & AdS/QCD
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Hadron Form Factors from AdS/CFT
e Propagation of external perturbation suppressed inside AdS. J(Q,z) = zQK1(zQ)

® At large Q2 the important integration region
isz~1/0Q.
— rd
F(Q?)—p = [ B p(2)J(Q,2)®(2)
J(Q,z), ®(z)
» Polchinski, Strassler

de Teramond, sjb

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

117! Dimensional Quark Counting Rules:
F(O?) — | — 7 General result from
(@) [Q2] AdS/CFT

where 7 = A,, — 0, 05, = Z?’:l o;. The twist is equal to the number of partons, 7 = n.

JLab Exclusive Processes & AdS/QCD
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F(Q?) :R3/0 %cpp,( VJ(Q, 2)Bp(2).

\/7’% 2 /<;2z2/2.

P(z) = pa” € J(Q,2) = 2QK:1(2Q).
Q’ Q° Q’ | Tt
F(QQ) =14+ — 12 CXPp (4/{2> E ( 4/{2) Fi(—z) = /OO e -
SPW‘LL]CQPLO’V\/ F?T(QQ) F(Q2) R 4_52
Form Factor > @
R — QAQCD

Kk = 04 GeV 29

0.4

AQCD = 0.2 GeV

0
Identical Results for both -

confinement models ol ‘
~10 -8

QQ
JLab Exclusive Processes & AdS/QCD
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Spmcduk@pwwformfwotor ﬁ/om/Ad/S/CFT

JLab
May 22, 2007

Data Compilation from Baldini, Kloe and Volmer

Harmonic Oscillator Confinement

Truncated Space Confinement

One parameter - set by pion decay constant. de Teramond, sjb
9

Grigorian, Radyushkin

Exclusive Processes & AdS/QCD
Stan Brodsky, SLAC
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Spacelike and Timelike Piow form factor from AdS/CFT

T T T T G. de Teramond, sjb
2 2
| Fr(q*)
: | :_;; Harmonic
ol ‘aé"?i Oscillator
| - Confinement
2y | % ’ scale set by pion
InFr(a)_, _‘ £ '! % decay constant
. I\ 44
- j it }
2! ! |
| f ] r = 0.38 GeV
_3
10 -5 o 5 10
¢°(GeV?)
JLab Exclusive Processes & AdS/QCD
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Spacelike and Timelike Piow form factor from AdS/CFT

G. de Teramond, sjb

2l . ; Harmonic Oscillator
| | j Confinement.
1] | k = 0.38 GeV
ol ! Analytic continue
In Fr(q?) | f 3 | to timelike
| "ih,g;! % j momenta and
o # ) ii % J introduce width
: . li! f :
2l ' g2 — ¢% 4 ie —» ¢2 + iMT
i 43
L ? | Fit to height,
| ] predict width
10 -5 o 5 10
r, =111 MeV
g°(GeV?) "’ = 150.3+ 1.6 MeV
JLab Exclusive Processes & AdS/QCD

May 22,2007 50 Stan Bl’OdSky, SLAC



Baryon Form Factors

e Coupling of the extended AdS mode with an external gauge field A*(z, 2)

g5 / d*r dz /g Au(z,2) U(z, 2)y" ¥ (x, 2),

where
U(z,2) = e [y (2)us (P) + - (2)u—(P)],
Vi (2) = C22J1 (2 M), V_(2) = C22Ja(2M),
and
w(P)s = > j;% w(P)

vi(2) =91(2), v_(2) = ¢'(2),

the LC = spin projection along 2.

e Constant C' determined by charge normalization:

_ V2Aqcp
R3/2 [~ Jo(Br,1)J2(B1,1)] "
JLab Exclusive Processes & AdS/QCD
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Nucleow Form Factory

Consider the spin non-flip form factors in the infinite wall approximation
2 3 [ dz 2
FUQ) = 9B [ 57@.9) -,
FAQY) = 9B [ 5@ -,

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

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

For SU (6) spin-flavor symmetry
P2 5 [ dz 2
FQ) = B [571@a )P,

Fr@) = 3B [ 57@2) 04 - o-(2)F],

where F{'(0) =1, F/*(0) = 0.

Large () power scaling: F (Q?) — [1/Q?] g
G. de Teramond, sjb

JLab Exclusive Processes & AdS/QCD
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G. de Teramond, sjb

e Preliminary
Q*F1(Q?) — const
0.8
FP(Q?) |
0.6
I H . . 1
: drgzonzc Oscillator 'k = 0.424 GeV
0.4l onfinement.
Truncated Space Conﬁnemeﬁt A =02 GeV
0.2
0l |
1 2 3 4 5 6
QQ (G eV2) Current mosliﬁed
by metric
F1(Q2)—r = [ G L(2)J(Q,2)® ()
JLab Exclusive Processes & AdS/QCD
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Dirac Neutron Form Factor
(Valence Approximation)

Truncated Space Confinement

Q4Fn (Q2> [GeV4

1 2 3 4 5 6

Q* [Gev?]

Prediction for Q4F{‘(Q2) for AQcp = 0.21 GeV in the hard wall approximation. Data analysis from
Diehl (2005).

JLab Exclusive Processes & AdS/QCD
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Hadronic Form Factor in Space and Time-Like Regions

The form factor in AdS/QCD is the overlap of the normalizable modes dual to the incoming
and outgoing hadron ®; and ®r and the non-normalizable mode .J, dual to the external
source (hadron spin o):

> dz
F@)r = R [ om0 9400, 5(Q.2) 94()

s [ dz
~ R3+2 /O a5 2P(2) J(Q,2) 21(2),

J(Q, z) has the limiting value 1 at zero momentum transfer, F'(0) = 1, and has as boundary
limit the external current, A* = '@ J(Q, z). Thus:

lim J(Q.2) = lim J(@,2) =1

Solution to the AdS Wave equation with boundary conditions at () = 0 and z — 0:

Polchinski and Strassler, hep-th/0209211; Hong, Yong and Strassler, hep-th/0409118.

JLab Exclusive Processes & AdS/QCD
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Light-Front Wavefunctions

Fixed T=t+ z/c

P+:PO_|_P2: \

xip—i_axiﬁj_ + EJ_Z'

Pt P

wn(xfb EJ_’ia )‘Z)

Inwawriont under boosts! Ind@pe/mde/V\tOfPu

JLab Exclusive Processes & AdS/QCD
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=1r+z/c

P(x,k ) -

Invariant under boosts. Independent of pH
CD
HER [y >= M>|p >

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

JLab Exclusive Processes & AdS/QCD
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|P»Sz = E ‘Pn(xijéuyki) \n;iﬁi,h =
n=>3

sum over states with n=3, 4, ... constituents

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

A

l

20 = =
gt A PAC
are boost invariant.

ikﬁ = pt. ix,- =1, Eiéi =0t
Intrinsic heavy quarks, 5(z) # s(x) , |
i(z) # d(z) et tme

JLab Exclusive Processes & AdS/QCD
May 22, 2007 58
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Remawkable Features of
Hadrow Structure

Valence quarks carry less than half of the proton’s
spin and momentum

Non-zero quark orbital angular momentum

Asymmetric sea: u(z) 7 d(z) relation to meson
cloud

Non-symmetric strange and antistrange sea 5(x) 7= s(x)
Intrinsic charm and bottom at high x

Hidden-Color Fock states of the Deuteron

JLab Exclusive Processes & AdS/QCD
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Light-Front Representation
of Two-Body Mesown Form Factor

e Drell-Yan-West form factor

2 —
Zeq/ e [ TR o By~ i) vl )

e Fourrier transform to impact parameter space I; L
Y(x, IZL) = VA4r / d2b | eibLklzZ(:U, I;L)
e Find (b = \EL\) ;

1 = —n ~
F(g®) = /Odm/d%Lembi'qu(agb)\? Soper

1 e
= 277/ dm/ b db Jy (bgx)
0 0

JLab Exclusive Processes & AdS/QCD
May 22, 2007 60
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Identical DY W and AdS § Formulae: Two-parton case

e Change the integration variable { = |l;l|\/x(1 — )

1 dzr Cmcwc—A(_QCD CQ
2y
F@y = | = | Cdg*]‘)(Wl_x)W

e Compare with AdS form factor for arbitrary (). Find: Same result for
LF and AdSj5

1
J(Q.0) = / dﬂCJo( Wf?‘f - ) = (QK\(CQ), (=

the solution for the electromagnetic potential in AdS space, and

V7 J1(Bo,1) z(1 —x)

~ 4 . ) A2
¢(«T7 bJ_> — AQCD \/33(1 — x)JO (\/Zl?(l — x)|bJ_‘ﬁO,1AQCD> O ( f < QCD >

the holographic LFWF for the valence Fock state of the pion T%q /-

e The variable (, 0 < ( < Aélc p» represents the scale of the invariant separation between quarks

and is also the holographic coordinate { = 2 !

JLab Exclusive Processes & AdS/QCD

May 22,2007 61 Stan Bl‘OdSky, SLAC



LF(3+1) AdSs

(=\/z(1—2)p? —m— 2

(1—-2)

Y(z,51) = \/z(1 - z) $(0)

Holography: Unique mapping derived from equality of LF
and AdS fornmuda for cuwrent matrix elementy

JLab Exclusive Processes & AdS/QCD
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N -partov case

Define effective single particle transverse density by (Soper, Phys. Rev. D 15, 1141 (1977))

/ i / 2i7L Tz, 7))

From DYW expression for the FF in transverse position space:
27 2
ST [ 0o z% ) z%biy )iy, 51
n =1

Compare with the the form factor in AdS space for arbitrary ():

F(Q%) =R /OOO L MO p(2) J(Q.2) B (2

3

Holographic variable z is expressed in terms of the average transverse separation distance of the

spectator constituents 77 = Z?:_ll zj bl

- n—1 ~
 SVEg ’;% bl

JLab Exclusive Processes & AdS/QCD
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Holography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic LF radial equation Frame Independent

V()] () = M26(0)

G. de Teramond, sjb

(2 —= r(1l — x)bi

tffective 1 —4L7 Induced by

T

(1—-2)

conformaols V(¢) = 4(2  conformal melric
potential:
JLab Exclusive Processes & AdS/QCD
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G. de Teramond and sjb

Map AdS/CFT to- 3+1 LF Theory

Effective radial equation:

| ddg22 | V(C): #(¢) = M=¢(¢)

(2 =z(1- x)bi

Effective conformal 1 — 4] .2

potential: V(¢) = 102

(General solution:

Vpe(z,b1) = B pv/z(1 — )

JL (\/513(1 - w)\gLWL,kAQCD) Q(EE < :c?lQ%]?v))’

JLab Exclusive Processes & AdS/QCD
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Prediction fromAdS/CFT: Meson LFWF

0.8 Ox. 60 . 40 . 2
0.2
0 15 Harmonic
Yz, ki) . Oscillator model
0.1
0.05]
0
o de Teramond, sjb
k| (GeV) 1. X :’0’
25

éar(z, Qo) o Jz(1 — )

JLab Exclusive Processes & AdS/QCD
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AdS/CFT Predictions for Meson LFWF ¥(x, b )

S
1 1
AQCD = 0.32 GeV k= 0.76 GeV
Truncated Space Harmonic Oscillator
JLab Exclusive Processes & AdS/QCD
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AdS/CFT Prediction for Mesonw LFWF

(©) G. de Teramond
SJB

&5
5
1020 0 SN
% 'o,'oo‘o‘o‘\\‘\

X
N

7 > :‘\ N ,éi‘z%“; N
. /l Seteiiming . /;l';%:’:’:“‘;““\\‘\\\\t&\\\\\
W(x.) e AR Y
BRI 7 0:&‘\\\\\\\ RN

2.2006
8721A14™ 3 3

Two-parton holographic LFWF in impact space @Z(x, ¢) for Agcp = 0.32 GeV: (a) ground state
L =0, k = 1; (b) first orbital exited state L. = 1, k = 1; (c) first radial exited state L. = 0, k = 2.
The variable ( is the holographic variable z = ¢ = |[b [\/x(1 — x).

~ A
Y(z, () = \/%J?Ejgo,l) V(1 —xz)Jo ((Bo1Aqgep) 0 (Z < Aéé;)

JLab Exclusive Processes & AdS/QCD
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14 d/S/C FT HW@M MOd@I/ G. de Ejigamond

¢(07 bJ_)

The front form

3 -dimensional photograph
8 mesonw LFWF at fixed LF Time

JLab Exclusive Processes & AdS/QCD
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L+ V(O] 6(O) = M2()

(= \Ja(l—a)b2  HolographicVariable

d_ Kk LF Kinetic Energy in
d¢2 = a(l-x) momentum spoce

Conjecture for mesons withv massive quawks

2 2 2 2 2

d . d | mczz LMy — kJ__l_ma | kJ__I_mb

d(? dc2 ' oz ' 1-x — T ' 1—x
JLab Exclusive Processes & AdS/QCD
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AdS/QCD HO Model for Mesow Formv Factorsy
p(z,Q) - p(b, Q) [GeV?]

Q=1

Q=1,4,12 GeV/c

b [GeV™]
F(Qz) — f()l dxfdelﬁJQQf(l—CB)Jo(bQ(1—$))€_/<5233(1—a:)b2
F(Q?) = [¢ dzp(z, Q) = [db?p(b, Q)

Large Q form factor derives from small b and small 1-x

JLab Exclusive Processes & AdS/QCD
May 22, 2007 ”I

Stan Brodsky, SLAC



AdS/QCD HCZD OModel/for Meson Form Factors

Q[GeV] =0

Q[GeV] =4

JLab

May 22, 2007

7
L7
> ()
9
2020,

7
s
<P "’::‘ " { [

Effective partonicodensity 27p(z, b1, Q) in terms of thé longitudinal momen-
tum fraction x, the transverse relative impact variable b, and momentum transfer
() for the harmonic oscillator model. The figure corresponds to x = 0.67 GeV. The
values of @ are 0, 2, 4 and 8 GeV /c. As @) increases the distribution becomes increas-
ingly important near x = 1 and b, = 0. At very large () the distribution is peaked
towards b; = 0.

Exclusive Processes & AdS/QCD

Stan Brodsky, SLAC
72



0 ()

1.5

0.5

—— Linear potential(m=0.22 GeV,=0.3659 GeV)
--- HO potential(m=0.25 GeV,=0.3194 GeV)
....... o, (x)~x(1-x)

 Ogsier OX(10)]

AdS/CFT:

(b(xaQO) X \/x(l - x)

Increases PQCD leading twist predictio
Fr(Q2) by factor 16/9

)CD
Stan Brodsky, SLAC



Lepage, sjb C. Ji, A. Pang, D. Robertson, sjb
Choi, Ji
167Cray(Qy)
(1=x)(1-y)Q°

1 1
F Q%)= JO dxqbw(X)fo dyd.(y)

0.6 | : | |
0.5 |- 1
0.4 - % T | |
2 2 )
Q((ir\(f?) ) 0.3 II ]
. ¢(x, Qo) \/:c(l —z)
0.2 -5 1 | |
0.1 —I - Qbasymptotz'c x z(l —x)
"0 5 4 6 . , Normalized to fr
Q2 (GeVz)

Increases PQCD leading twist prediction for
AdS/CFT:
/ Fr(Q?) by factor 16/9

JLab Exclusive Processes & AdS/QCD
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I | | ]

Lepage & sjb

| | ll’llll
Ll

ko

1 IIIIHI[

Lot

Lol

Ll

Neuwtral paiv ongulowr distiribution

sensitive to-AdS/CFT distribution! °c 0z ngcosz (%‘)6 o8 1.0
ﬁdS/QCD(:U) o [2(1 — x)]l/Q (a): ¢n(x) xxx(1l —x)

(b): ¢n(z) o [2(1 — x)] /4
(€): ¢n(x) x6(x—1/2)

JLab Exclusive Processes & AdS/QCD

Stan Brodsky, SLAC
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Diffractive Dissociatiow of Piow

into- Quawk Jety
E791 Ashery et al.
by ~0 (1/k; )
i . X1 ki1
T X2, kiz
A A 52

M o< 8, k1)
Measwre Light-Front Wawvefunction of Piow

M inimald momentum trownsfer to- nuucleus
Nuclews left Intact!

JLab Exclusive Processes & AdS/QCD
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Key Ingredienty inv €791 Experiment
by, ~0 (1/k,)

¢ X1 Kyt Brodsky Mueller
T : ' R Frankfurt Miller Strikman
T X2, k 12

A A
Small colov-dipole moment pion not absorbed;
interacts withv each nuucleonw coherently
QCD COLOR Travsparency

MA:AMN

Ccii—g(wA — qgA") = A? Cé—‘;(wN — qqN") Fi(t)

q

q

| \
Target left intact

Diffraction, Rapidity gap

JLab Exclusive Processes & AdS/QCD

May 22,2007 e Stan Bl’OdSky, SLAC



Colov Travnsparency

Bertsch, Gunion, Goldhaber, sjb
A. H. Mueller, sjb

* Fundamental test of gauge theory in hadron physics
* Small color dipole moments interact weakly in nuclei
* Complete coherence at high energies

e (Clear Demonstration of CT from Diffractive Di-Jets

JLab Exclusive Processes & AdS/QCD
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e Fully coherent interactions between pion and nucleons.

e Emerging Di-Jets do not interact with nucleus.

M(A) = A- M(N)

dq?
T X A4/ 3
005 450
: Nuclear coherence =
200 400 Nuclear coherence

175 Pt 350 [} &
: _1p2 2
0 125 8 250
[ = C c C
[ = ) -
5 1005 3 200—
75 L 150 -
50— 1005
25 50 —
E— e —"ﬁ_ih:H*h* A '*""‘-":;:'__"‘ """ +— —++ = E _
O 0 0 v |0 i = e o S e e o e oL 1 1 i S SRV TON IO s v oo, 2T TR N T
0 0.1 0.2 03 0.4 0 0.2 0.4 0.6 0.8
a2 (GeV/c)? a2 (GeV/c)?
JLab Exclusive Processes & AdS/QCD
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Mueller, sjb; Bertsch et al;
Frankfurt, Miller, Strikman

Measwre piow LFWF v diffractive dijet production
Confurmatiow of color transparency

A-Dependence results: o 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
Ashery E791
2.0 < k<25 1.55 + 0.16 1.60

a (Incoh.) = 0.70 £ 0.1

Covwentional Glawber Theory Ruled Out Factor of 7
]

JLab Exclusive Processes & AdS/QCD
May 22,2007 So Stan Bl’OdSky, SLAC



Key Ingredienty invAshery Experiment

b, ~0 (1/k.)
¢ X5 Ky 1
|
T > (
T X, Ko
A A

Gunion, Frankfurt, Mueller, Strikman, sjb
Frankfurt, Miller, Strikman

Two-gluow exchange measures the second dervivative of the pioww

light-front wawefunctiow
q
H2
” . Mo (o, k)
|
N N
JLab Exclusive Processes & AdS/QCD

May 22,2007 SI Stan Bl’OdSky, SLAC



E~91 Diffractive Di-Jet transverse momentum distribution

' t 40 Two Components
z ty P -6s5
§ r |
104 — Gaussian High Transverse e
* momentum dependence kr™
, covnsistent withv PQCD,
103 tRBL Evolution
* Gaussiov component similowr
102 \l H to-AdS/CFT HO LFWF
17124 e 18 2 22 2.4 26 28 3
kT (GeV)
JLab Processes & AdS/QCD

May 22,2007 S2 Stan Bl’OdSky, SLAC



Prediction fromAdS/CFT: Meson LFWF

H#moﬂc oscillator
0.1 model
0.05]
0
2% |
XS de Teramond, sjb
k| GeV) 1. K2 j
5
bar(z, Qo) o \/z(1 — x)
1.5
JLab Exclusive Processes & AdS/QCD
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70

60
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3 1.25 <k < 1.5 GeV/c : 1.5 <k < 2.5 GeV/c
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= 40—
- 30—
E 20—
- : 10 +
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X

1
Ashery E791

Nawrrowing of v distribution at higher jet tronsverse momentum

x ' distribution of diffractive dijets from the platinum target for 1.25 < k; < 1.5 GeV/c (left) and for
1.5 < ks <2.5GeV/c (right). The solid line is a fit to a combination of the asymptotic and CZ distribution amplitudes.
The dashed line shows the contribution from the asymptotic function and the dotted line that of the CZ function.

JLab
May 22, 2007

Possibly two components:
Nonperturbative (AdS/CFT) and
Perturbative (ERBL)

o(x) x \/:z:(l —x)

Evolution to asymptotic distribution

Exclusive Processes & AdS/QCD
84
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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

JLab Exclusive Processes & AdS/QCD
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Light-Front Wave Function Overlap Representation

DVCS/GPD .., ...
Diehl, Hwang, sjb, NPB596, 2001

. DGLAP
See also: Diehl, Feldmann, Jakob, Kroll region
) N
% L N 14+¢
ya
3 /
- A VAN
k="F— 2* k=FE+3
* —E< T <€
: - — ER_BL
V‘ D\. region
_ A _ A
P=P+ 5 P=P— 5
~7
B
<
DGLAP
region

N=3 VALENCE QUARK = Light-cone Constituent quark model

N=5 VALENCE QUARK + QUARK SEA = Meson-Cloud model

JLab Exclusive Processes & AdS/QCD
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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]

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

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

X1 — > > 1 —
Xj = 11_ ; : K =k — _xl A for the struck quark,
Xi - - X; -
xl(:l_l;, kli:ku‘i‘l_l;AL for the spectators i =2, ..., n.
JLab Exclusive Processes & AdS/QCD
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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 ZkLJ-
n,A; i=1 j=1 j=1
x 16778 (xp41 + x1 — )8 (/;Lnﬂ ki — A_)J_)
X 0(x — X1)W(T,:<_1)(Xf, K\, )»,-)lﬁ(injq)(xl', kii, Ai )8, —npss

E(n—l—l—m—l)(xa ¢, t)

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

—>/ - X
i = ) ki =kpt 1

JLab Exclusive Processes & AdS/QCD
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Link to DIS and Elastic Form Factors

Form factors (sum rules)

DIS at =t=0 jdxz :Hq(x,a,z)] =F, () Dirac f.f.
9 — o — 1 b
g (XDO)O) q(x)9 Q£ x) | dxz _Eq(x, E:,t)] :F2 (f) Pauli f.f
Hq(xa()ao) — AQ(X), AQ(_X) C !

[ax B'(x,60)= Gy ( 1), [dxE(0,60)=Gpy( 1)

X [ Verified using

b B A Bl LEWES
= Diehl,Hwang, sjb

e

Quark angular momentum (Ji’s sum rule)

1 1
Ji=——JG= - jxdxﬂ'{q (%,50)+ E“(x,50) |
2 25 X. Ji, Phy.Rev.Lett.78,610(1997)
JLab Exclusive Processes & AdS/QCD
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Space-time picture of DVCS P. Hoyer

N,

*

N Y
The position of the struck quark differs by x~ in the two wave functions

Measure x- distribution from DVCS:
Take Fourier transform of skewness, £ = QQ—
the longitudinal momentum transfer e

S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary®®/

JLab Exclusive Processes & AdS/QCD
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++

Re A

S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary*®/

O ——T———7 1 1 1 . L
T @ — =50] ] ) I — =50] |
L -- t=-1.0| L \ -- t=-1.0] |
250 — =01 2.5 H “ = t=-0.1
- " \ -
\
200 2
150 1.5
100 1
50 0.5

| S
0 -20 -10

10 20
Electron Optics

Fourier spectrum of the real part of the DVCS amplitude of an electron vs. ¢ for M = 0.51

)

S

1

L

S
Qo —
Qo

—_

S

[\]

S

MeV, m = 0.5 MeV, A = 0.02 MeV, (a) when the electron helicity is not flipped; (b) when the

helicity is flipped. The parameter ¢ is in MeV?2. o = %1‘_ P—I—
A A — 1 z'lfa A
(0,A]) =5 [dée' 2" M (¢, A)) e
2p.q
JLab Exclusive Processes & AdS/QCD
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S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary*®/

Hadrovw Optics

. AP S
Ao,b1) = 55 [ dge'257 A(E, b)) _ 1. — Q2

L 27Tf L O’—§ZU P_I_ €_2p.q
80 I I | ' ' ' |
60 DVCS Amplitude using

holographic QCD meson LFWF

40 /\QC’D = 0.32
20
0

The Fourier Spectrum of the DVCS ampli-
tude in o space for different fixed values of

b |. GeV units

JLab Exclusive Processes & AdS/QCD
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New Perspectives for QCD fromAdS/CFT

JLab
May 22, 2007 93

LEFWFs: Fundamental frame-independent description of
hadrons at amplitude level

Holographic Model from AdS/CFT : Confinement at large

distances and conformal behavior at short distances

Model for LFWFs, meson and baryon spectra: many
applications!

New basis for diagonalizing Light-Front Hamiltonian

Physics similar to MIT bag model, but covariant. No
problem with support o < x < 1.

Quark Interchange dominant force at short distances

Exclusive Processes & AdS/QCD
Stan Brodsky, SLAC



CIM: Blankenbecler, Gunion, sjb

2 ,

U

Quawk Interchange Gluonw Exchange
(Spinv exchange inv atom- (Vo der Waal --
atom scattering) Landshoff)

do _ [M(s,0)]?
dt g2
M(t, U)interchange X u—iz M (s, t)gluonexchange o< sF(t)

MIT Bag Model (de Tar), large Nc, (CHooft), AdS/CFT
all predict dominance of quark inferchange:

JLab Exclusive Processes & AdS/QCD
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| | I
A 770 Gevre
0 K' 10 Geve r]
o K'Y 5 Geuc %

AdS/CFT explaing why
quawk interchange is
dominont
momentuwm transfer
inv exclusive reactions

1
M (t,u)interchange X —12

Non-linear Regge bebavior:

JLab
May 22,2007

' ap(t) — —1
0
cos Be m.

Exclusive Processes & AdS/QCD

o Stan Brodsky, SLAC



Why Is quark-interchange dominant over gluon
exchange?r

Example: M(KTp — K1p) u—12

Exchange of common w quark
Mory = [ d?k  dz poh Apay

QIM 1ax YYn AYB
Holographic model (Classical level):

Hadrons enter 5th dimension of AdSs

Quarks travel freely within cavity as long as

separation z < zg = /\Qch

LFWEFs obey conformal symmetry producing
quark counting rules.

JLab Exclusive Processes & AdS/QCD
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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,(C) 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.: nip-epn i,pp SN AV SN @b i,(AO/ZO)KO;
K*p—pK7*, prp— 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.

ks s kT o d d k*
U
S u u l s
I
Kip—"’pKi, u u l u S o
P U u p P u u A
nEp—pp*, d GEXx d : d ANN d
ntp— AT, kts s kKTl 777 d d k°
+ u U | u S
r¥p—K*ts*, ,
o A0 0 0g0 u u | u S Lo
np AK,ZK, P U u p ‘ P d d A
d QN d u coMm U



B.R. Baller et al.. 1988.
Published in
Phys.Rev.Lett.60:1118
-1121,1988

(90°), nb/(GeV /c)?
o

do

dt
o

0.01

JLab
May 22, 2007

1 2 3

4 5 6 7 8 9101112

Comparison of Exclusive Reactions at Large ¢

13

14

The cross section and upper limits (90% confidence
level) measured by this experiment are indicated by the filled
circles and arrowheads. Values from this experiment and from
previous measurements represent an average over the angular
region of —0.05 <cosf.m <0.10. The other measurements
were obtained from the following references: z*p and K*p
elastic, Ref. 5; n " p— pn ™, Ref. 6; pp— pp, Ref. 7: Allaby,
open circle; Akerlof, cross. Values for the cross sections [(Re-

action), cross section in nb/(GeV/c)?] are as follows:

(1),

4.610.3; (2), 1.7£0.2; (3), 3.4+ 1.4; (4), 0.9%83; (5), 3.4
*0.7; (6), 1.3+0.6; (7), 20+0.6; (8), <0.12; (9), <O0.1;
(10), <0.06; (11), <0.05; (12), <0.15; (13), 48 +5; (14),

98

<2.1.

A A % ! 0V A, X
S R Q f{ Y % R/ Xx/X/</cy & ’3
N / YN YR YRR YN YN /
‘CT) +Q 1/ iQ / / 1 Qs Q
é/ IN X /X/R/K/&/K/K/&/K/ L[ q 'q
1 I 2 3 T4 516 718 911011112 13 |14
- .O -
e f -
¢
B § .é $ § ]"‘
1 Quark Interchange:
i |Dominant Dynamics at
i . T | large t, u
- -
| T EMA I T 1

Relative Rates Correct

Stan Brodsky, SLAC



Heisenberg Equationw

Light-Front QCD

CD
HEG P |Wy) = M3 [Wy)

3 4 5 6 7 8
qaqqg | 99qqqq

9 10
99499 qqggg

1
qqq9 g9

12
qqaqaag

13
qqqqqqag

A& ||

.
ER e

Y Y e A A || 8

LA s R

1 2
n  Sector qg g9
K,A _
1 q
— 2 g9 {
p.s’ p.s _
3 qqg }» >M
(a)
4 qqqq ; .
p,s’ kA
2 sy (|5 W o
4
/1 -
NP o ww | |
K\ S _
P 7 q@qag .
(b)
8 qdqdaqq .
p,s p,s 9 9999 ;f}
§ 10 qqggg .
_ g 11 qaqagg
k,c k,o
12 qqqqqqg
(c)
13 94 qq Qﬁ|

BRI e

Use AdS/QCD busis functions

JLab
May 22, 2007
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Use AdS/CFT ovthonormal LFWFs

as o basis for diagonaliging
the QCD LF Hamiltonian

* Good initial approximant

* Better than plane wave basis Pauli, Hornbostel, Hiller,
McCartor, sjb

* DLCQ discretization -- highly successful 1+1

* Use independent HO LFWFs, remove CM

motion Vary, Harinandrath, Maris, sjb

e Similar to Shell Model calculations

JLab Exclusive Processes & AdS/QCD
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Maris, Vary; sjb

2
__ €s __ epee
&= 2m Zo = 4m

Semi-Claussical LF Hamiltoniown

Precision QED calculation of muonium and
hydrogenic atom spectroscopy

Semiclassical theory
En = FEn(Za,a = 0)

No Lamb Shift, Renormalization

JLab Exclusive Processes & AdS/QCD
May 22, 2007 10X

Stan Brodsky, SLAC



Muonium and Hydrogenic Atoms

Lamb Shift Vacuum Polarization

JLab Exclusive Processes & AdS/QCD
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Hiller, Hwang, Karmanov, sjb

Angulor Momentuwm o the Light-Front

AT=0 gauge: No unphysical degrees of freedom

J* Z O Z [<. Conserved

i—1 LF Fock state by Fock State

[ ] (k j 5 k2 k j5 kl ) n-1 orbital angular momenta

Nongero Anomalous Moment requires
Nongzero orbital angular momentum.,

JLab Exclusive Processes & AdS/QCD
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F2 3 / ] [dk ] Ze] = X Drell, sjb

s / L, /
[ - Q—ng (4, Ky o) g (3, ke iy i) + q—RlbclL (23, 1y M) 0 (i, k1, Az)}

k/J_z — kJ_/L' — T;q L k,J_] = kJ_j —+ (1 — ZCj)qJ_
. qr,r = ¢~ £ iq¥
- (+) -
XjoKpj Xjo Ky j+ay
e N

' =
P, S,=-1/2 p+aq, S,=1/2
Must have A¢, = +1 to have nonzero F>(g°)

JLab Exclusive Processes & AdS/QCD
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Anomalows grovitomagnetic moment B(0)
Okun et al: B(0) Must vanishv because of

Equivalence Theovem
growv Lo
a, sum over constituents
—~ (4] -
. LK, i+ Q
Xjo Ky NIRRT
g 4
' >
P, S,=-1/2 p+aq, S,=1/2
M eiseineral B(0)=0 |  Each Fock State
JLab Exclusive Processes & AdS/QCD
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The Anomalous Magnetic Moment in Light-Front QCD

Each Fock state of the light-front wave function for a nucleon of spin J* obeys

n n—1
S =S+ IF
i=1 i=1

There are n-1 orbital angular momenta in a Fock state of n constituents.
Recall [Brodsky, Drell, 1980]

k==Y ) g / [dx][d®k i J95 (xi, K i, A)S 1 - LT ta(xi, ki A)
a |

with S, - LY = (S, LY + S_L7)/2
where Sy = Sy £iS; and LY =3, x(0/0ky; F i0/0ky;)

Empirically, kp = —1.91uy and kp, = 1.79un.

@ The S, - LY matrix element is large!
1

Q@ Kp+ kpn K< Kp — Kn
—> The isoscalar anomalous magnetic moment is very small.

JLab Exclusive Processes & AdS/QCD
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The Generalized Parton Distribution E(x, (, t)

The generalized form factors in virtual Compton scattering

7*(q) + P(P) = ~*(q') + p(P") with t = A® and

A=P—P =((Pt,AL,(t+ A%)/¢PT), have been constructed in the
light-front formalism. (rodsky, Diehl, Hwang, 2001]

We find, underq, — A, ,for{ < x <1,

E();,Aj,o) _ ;(m)pn;(g(x_xj)/[dx][dzkﬂ

) (X!, KL, A)SL - LTa(xi, ki A,

with X7 = (x; — ¢)/(1 — ¢) for the struck parton j and x;/ = x;/(1 — () for the
spectator parton i.

The E distribution function is related to a S, - LY matrix element at finite ¢ as
well.

JLab Exclusive Processes & AdS/QCD
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Electric Dipole Form Factor on the Light Front

We consider the electric dipole form factor F3(g?) in the light-front
formalism of QCD, to complement earlier studies of the Dirac and Pauli

form factors. [Drell, Yan, PRL 1970; West, PRL 1970; Brodsky, Drell, PRD 1980]
Recall

(P, Sz|J*(0)|P, S;) =
(P, X) | Fr(@P) + Fa(¢P )—a“aqa + Fs(q )—a“%sqa} U(P, \)

5= [RO)] d= 1 [Fs(0)]

We will find a close connection between » and d, as long
an’ricipaTed. [Bigi, Uralstev, NPB 1991]

Gardner, Hwang, sjb,

JLab Exclusive Processes & AdS/QCD
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Electromagnetic Form Factors on the Light Front

Interaction picture for J*(0), gt = 0 frame,
imply (¢7/t = q' + ig?):

2
ELR > [axik Yo > x

11 e
| A 00K ) 9a( K ) o (6 K M) 06 K A |

5 .
F"’Z(A‘Z,) — %:/[dx][fkﬂzj:ejé X

1 . 1 .
[ — J% (X1, KL iy M) s (i, KLis i) — ?% (xi, K i Af) %Tw(Xi,kLi,Ai)} ,

K|, =k.;j+ (1 —x)q. for the struck constituent jand k', ; = k. ; — x;q. for
each spectator (i #j). g© = 0= only n’ = n.
Both F»>(g?) and F3(g?) are helicity-flip form factors.

Gardner, Hwang, sjb,

JLab Exclusive Processes & AdS/QCD
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A Universal Relation for F,(qg?) and F3(g?)

b4 violates P, and 7 .

¢;(Xi, K. j,\i)= qb (xi, K1 j, \i)etiPa/2
wil(thJ_i,)\) QS (X,,kJ_,,)\) ’63/2

Fa(q? _ 2

22(I\q/l ) - ZCOS(ﬂa):a : 3(q ZSIH Ba)=a,

_ 1 o ,
:a:/ [ 163 } Ze q1 —I—qu[ ! (X,',kj_,-,)\,') qbﬁ(x,-,kl,-,)\,-) .
J

For Fock component a:

[F3(q°)]a = (tan Ba)[F2(q°)]
d; = (tan 32)2ks oOrf di=2ks0, as g° — 0

Both the EDM and anomalous magnetic moment should be calculated
within a given method, to test for consistency.

JLab Exclusive Processes & AdS/QCD
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CP-violating phase

\

F3(q%) = F>(¢?) x tan ¢

Fock state by Fock state

Gardner, Hwang, sjb.,

JLab Exclusive Processes & AdS/QCD
May 22, 2007 IXX
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Weak Exclusive Decay Q

(D]J* (0)[B) W L
V
B = -
D |
v
b n=n +2
B + B c C
2 — > > > =
4 W M g DY
wn g wn wn+2 9 wn
Annihidation amplitude needed for Loventy Irnwariance
Exact Formula Hwang, SJB
JLab Exclusive Processes & AdS/QCD

Stan Brodsky, SLAC
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Hadronigation at the Amplitude Level

e

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

JLab Exclusive Processes & AdS/QCD
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Light-Front Wavefunctions

Fixed T=t+ z/c

Wi (@i, k14 Ai)
Inwowriant under boosty! Independent of P

JLab Exclusive Processes & AdS/QCD
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Hadronigation at the Amplitude Level

*
.
.
e

u

Bavyonwpr : YAl ki Ar)
Construct helicity amplitude using Light-Front
Perturbation theory; coalesce quarks via LFWFs

JLab Exclusive Processes & AdS/QCD
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Hadronigation at the Amplitude Level

.
e
.
.

Ve (zi k1, M)

Higher Fock State Coalescence |uudss >

Asymmetric Hadronization! D;sp(2) # Dg_,5(2)

B-Q Ma, sjb
JLab Exclusive Processes & AdS/QCD
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Ds—p(z) # Ds_5(2) B-Q Ma, sjb

| | | |
e 0 02 04 06 08 10

8229A01 y4

Agﬁ(z) _ Ds—p(2)—Ds.5(2)

Ds—>p(z)‘|‘Ds—>15(Z)
Consequence of sp(z) # sp(z) luudss >~ |[KTA >
JLab Exclusive Processes & AdS/QCD

Stan Brodsky, SLAC
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2

Structure of
Deuteron in

QCD
VA
~, W
/
i R . N
) v 7
& LV}
VY &
/" & . A N
7 P
A N A
P

JLab
May 22, 2007

Hidden Color Delta-Delta
Fock State Fock State

Exclusive Processes & AdS/QCD
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Hiddew Color inv QCD

Lepage, Ji, sjb

* Deuteron six-quark wavefunction

* 5 color-singlet combinations of 6 color-triplets --
only one state is |n p>

e Components evolve towards equality at short distances

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

e Predict

9 (yd — ATTAT) ~ 22(yd — pn) at high 0

JLab Exclusive Processes & AdS/QCD
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Lepage, Ji, sjb
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)>.

Vi Onii; A
Vix;,9;)= ZHx 29( —x)Hﬁ(x -9;) "( il )
t’yt Pt kt¢3 yt ry l 4 X, +X yi-xi

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

smgularlty at x; =y, is cancelled by the factor AB(y,;,Q)= é(v;,Q) - ®(x,,Q) since the deuteron is a
color singlet,

JLab Exclusive Processes & AdS/QCD
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QCD Prediction for
Deuterovw Form Factor

F(Q?)= [O‘ (Qz)] Z_",;d (m%;—)-y"d_ymd[u O(as(Qz ,%‘-)}

~ 60 ] , —r , ]

« . % B A=100 MeV @

Define “Reduced” Form Factor ~ a0t 10 eV ~
c B * | GeV:

fol @)= Fa S |

. 2( 2/
Fy(Q%*/4) S oo
Same large momentum transfer =
behavior as pion form factor o

Q2  (Gev?)

FIG. 2. (a) Comparison of the asiy(n%:oti;:BQCD pre-
- diction f; @)= (1/Q%[In Q?%/A?]~1-C/9CF/B with final
(8 (QZ) Q2 = 2/5 ) C.F /B data of Ref. 10 for the reduced deuteron form factor,
f (Qz) ~ - where Fy(@?% =[1+Q?%/(0.71 GeV»] "%, The normaliza-
d ‘ Q2 A2 tion is fixed at the Q 2= 4 GeV? data point. (b) Compari-
son of the prediction [1 + Q% m )] f;@)<[In @2/

| AY]-1-@/5 Cr/B with the above data. The value 2
- : - = 0.28 GeV? is used (Ref. 8).

May 22, 2007 12X




Define “Reduced” Form Factor /

NS

FS(QQ) ;
Fp(42) P (95)

Elastic electron-deuterow scattering

fa(Q?) = p+q

JLab Exclusive Processes & AdS/QCD
May 22, 2007 122

Stan Brodsky, SLAC



10-2004
2763A18

e Evidence for Hidden Color in the Deuteron

JLab
May 22, 2007

Deuteron Reduced Form Factor

% ~ Pion Form Factor X 15%

X

:%’ﬁ"" LS

—g° (GeV?)

Exclusive Processes & AdS/QCD
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Hadronigation at the Amplitude Level

Combinatoric Advantage for
Hidden-Color Fock States

Y — 999 — q7 93 97 qq qq 97 — d X
Anti-Deuterow vs. double antibaryon productiovw
T — 999 —qq 93 99 99 99 q¢ —p n X
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Key Test of Hiddew Color

* CLEO measurement: Upsilon decay to anti-

deuteron T — gqq — J X

* Is ratio of deuteron production to production of
anti-nucleon pairs determined by Nuclear
Physics? _

(T —dX)

= (T —pnX)

E d"*i(d) _ c( E dﬂu-a(p)) C =2pi/my, py 2 130MeV
Tiot dp Trot dp

Gustafson, Hakkinen
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N — ut u- X at high xr

In the limit where (1-xr)Q? is fixed as Q% —

Entire pion wi

contributes to

hard process "o
Virtual photon is
longitudinally
polarized

-

Berger and Brodsky, PRL 42 (1979) 940
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Berger, Lepage, sjb

S|

S|

Pion appears directly in subprocess at large xr
AW of the piow s momentum is travsferved to-the lepton pair
Lepton Pair iy produced longitudinally polariged
JLab Exclusive Processes & AdS/QCD Stan Brodskv. SLAC
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w N — 7% + [T X at 80 GeV/c Dz'r;ct Sulbprol'essPlredic'tion_g

—gg—oc 1+ X cos?0 + p sin26 cos¢ + w sin’6 cos2¢.

2 k2
d o o« X, (1——x,,)2(1+c0520)+—4— (kp

)
sin“@
dx . d cos0 9 M? |

(k#) =0.62 £0.16 GeV?/c?

Dramalic change inv

angulowr distributionw at o
Wg,e/x,if 04 05 06 07 08 09 |

X1
Chicago-Princeton
Collaboration

Phys.Rev.Lett.55:2649,1985

Example of a higher-twist
direct subprocess
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pp — HX at high pr
Hadvow created fromv
jet fragmentation

Color Opaque

+ Nactive = 4

d _ F(zr,0c0m)
EdT(;(pN — mX) = pz;effM Neff= 2Nactive - 4
T

Neff= 4

[ren—



Bawyon cawv be made divectly within howd subprocess

Bjorken
p Blankenbecler, Gunion, sjb
Berger, sjb
= Hoyer, et al: Semi-Exclusive
C(?al(.:scence wu — pd Y
within hard
subprocess $p(z1, 32, 73) o< A
u ..... ‘,--- ( u
g B\ g
Collisionw cowvprodirce 3 Nactive = 6 99 — bq
collinear quarks Neff= 2Nactive ~ 4
- S
< Neff=
d
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Ed_U HX) =
d3p (pp — )

F(wTaQCM)

n
Tef
T
1 T 1T T T 7T T 7T 17 T T T T T T T N A B B S B B B
p— j— f— — —_— ‘ —_—
x X Tt - ,",. p
12 [ o nmmn 8 1T 9 3 mu gy ~ e T
g |- .‘.5 —_—_— 1L 4” ENAL 1L 4 FNAL ]
- ISR -1 1 ISR 4 + ISR -
é N S T W U S OO Y U N Y W G 1 Loty by b
0O 02 04 06 08 100 02 04 06 08 100 02 |04 06 08 |0
LT LT LT
10 ,
d __F ,0
g L P EdT(;(pp — pX) = (ZU;_I;%QCM)
- RHIC E j
6 | % \
; 3 d — F(zr,0
- @iﬁﬂﬂ% EdT(;(pp_)pX) = Llrefeu)
4 . pr
%}i 14
N éf ] Trend consistent withh RHIC
O |6O|€)9_|SZ:) | IR T 1 ] |xT| 1 L at X/T‘
0 0.01 0.02 0.03 0.04 0.05



S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pauwticle ratio- changes witihvcentrality!

o 1'8: proton/pion ]
© 1.6 .
o i ]
141 ]
: I <« Central
1.2 7
1 _ _ O m Au+Au 0-10%
: n : A a  Au+Au 20-30%
0 8'_ ] o e Au+Au 60-92%
I A ] * p+p, \s =53 GeV, ISR
- 4& T h ---- e'e, gluon jets, DELPHI
0'6; ------ e*e’, quark jets, DELPHI
0.4F o | .
; #%" + +* LE <— Peripheral
0.2 7
ot ' Protons less absorbed
0 1 2 3 4 in nuclear collisions than pions!

p; (GeV/c)

Open (filled) points are for 7~ (1), respectively.



tvidence for Direct, Higher-Twist
Subprocesses

* Anomalous power behavior at fixed xt

* Protons more likely to come from direct
subprocess than pions

* Protons less absorbed than pions in central
nuclear collisions because of color transparency

* Predicts increasing proton to pion ratio in central
collisions

e Exclusive-inclusive connection at X1 = I
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=1r+z/c

P(x,k ) -

Invariant under boosts. Independent of pY
CD
HZ:P [y >= M2y >

Remowkable new insighty from AdS/CFT, the
duality between conformal field theovy and
Anti-de Sitter Space
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Light-Front QCD Phenomenology

* Hidden color, Intrinsic glue, sea, Color Transparency

e Near Conformal Behavior of LFWFs 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

JLab Exclusive Processes & AdS/QCD

May 22, 2007 135 Stan Bl‘OdSky, SLAC



Holographic Connnection
between LF and AdS/CFT

* Predictions for hadronic spectra, light-front
wavefunctions, interactions

* Use AdS/CFT as basis for diagonalizing the LF

Hamiltonian

* Deduce meson and baryon wavefunctions,
distribution amplitude, structure function from
holographic constraint

* Extension to massive quarks

* Implementation of Chiral Symmetry
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String Theovy

* Mapping of Poincawre’ and
AM/CFT Conformal SO(4,2) symwmetries of

3+1 space
Goal: First Approximant to-QCD } 0 2GS e
C"g’“‘t‘”‘% : m LTS Conformal behavior at short
Regge/ijectorl{jVe/yI?/ AM/QCD (T WM” 2|1W12ntatlarg@
QCD at the Amplitude Level distonce

Semi-Classical QCD [/ Wawve Equations

Holography
Boost Irvariank 3+1 Light-Front Wave Equations
J=0,1,1/2,3/2 plus L Integrable!
Hadrow Spectra,, Wawvefunctions, Dynawmics
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