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QCD Lagrangiawv
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QCD color charge fiald strength tensor covariant derivative quark field

QCD: Np =3 Quarks: 3¢ Gluons: 8¢.

2 . . .
as = 2 is dimensionless
41

Claussical Lagrangiowv iy scale inwowriant for massless quorks

If 8= das(Q%) _ 0 then QCD isinvariant under conformal trans-
formations:
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QCD Lagrangian and Conformal Symmetry
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QCD color charge fiald strength tensor covariant derivative quark field

Conformal Symmetry — Property of classical renormalizable Lagrangian

(massless quarks)

Poincare transformations plus

dilatation : * — \z*

plus

"

conformal transformations : inversion[z* — ——] X translation X inversion
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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.

Growing theoretical and empirical evidence that s (Q?) has an IR fixed point:
von Smekal, Alkofer and Hauck, arXiv:hep-ph/9705242; Alkofer, Fischer and Llanes-Estrada, hep-
th/0412330; Deur, Burkert, Chen and Korsch, hep-ph/0509113 ...

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

implies QCD is a strongly coupled conformal theory at moderate but not asymptotic energies
Brodsky and Farrar, Phys. Rev. Lett. 31, 1153 (1973); Matveev et al., Lett. Nuovo Cim. 7, 719 (1973).

oo AdS/QCD
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Maldacena: AdS/CFT: VVLa/ppwlg/Of
AdSs X S5 to-conformal N=4 SUSY

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

* IR fixed point? as(Q?) ~ const at small Q2
* “Semi-classical” approximation to QCD

 Use mapping of conformal group SO(4,2) to AdSs5

on AdS/QCD
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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 AAS/CFT to provide models of hadron

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

de Teramond, sjb: AdS/QCD Holographic Model:
Initial “semi-classical” approximation to QCD:
Remarkable agreement with light hadron spectroscopy

Mapping to 3+ 1 Light-Front equations, wavefunctions

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

ven AdS/QCD
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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

SIB
AdS/QCD J
UCD
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e SU(6) multiplet structure for N and A orbital states, including internal spin S and L.

SU6) S L Baryon State
56 1 N 17 (939)
3 0 A3 (1232)
70 1 1 N17(1535) N3 (1520)
3 1 N17(1650) N3 7 (1700) N5 (1675)
1 1 AL7(1620) A3 (1700)
56 3 2 N 27T (1720) N5 (1680)
3 2 ALlT(1910) A2T(1920) A3 T (1905) AT T (1950)
70 R N3T NIT
3 3 N3T N3T  NZ7T(2190) N2 (2250)
: 3 AZ7T(1930) AT
56 1 4 NIT N2t (2220)
3 4 AST ATt AStT Allt(2420)
S Vg Ny
3 5 NI7™ N27  Nil7(2600) NL12T
AdS/QCD

UCD
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Dirac s Amasging Idew
The “Front Form’

Evolve in Evolve in
ordinary time A light-front time!
ct o=ct—z A° T=t4+z/c

Instant Form Front Form

oo AdS/QCD
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=1+2z/c

WP(x, k) -+

Invariant under boosts. Independent of P"

HZ P |y >= M2y >

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

UCD AdS/QCD

March 13, 2007 Stan Brodsky, SLAC

I0




Light-Front Wavefunctions

Fixed T=t+ z/c

pt = p0 4 pz R

o PT, 2P| + k|

Pt P,

Z?}azz =1

W (x4, k iy Aj)

Sk =0
Inwawriant under boosty! Imd,e/pe/nd,e/ntofPu

ven AdS/QCD
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Light-Front Wawvefunctions

Dirac’s Front Form: Fixedt=1+z/c

P,k ) - 0

QCD‘

)
Yvy

T
YY

v
Yvy

13
Yvy

P >= M| >

Intrinsic gluons, sea quarks, asymmetries

UCD AdS/QCD
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Mapping between LF(3+1) and AdSs
LF(3+1) AdSs

(x,5)) ——~am— P(2)

(= \r(1-2)p2 ———m—

g
w(x,[;l) = \/x(l —x) ¢(0) (1-2)

ven AdS/QCD
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Holography:
Map AdS/CFT to 3+1 LF Theory
Relativistic radial equation: Frame Independent

&+ V(O] 60 = M2

G. de Teramond, sjb

(2 =z(1-— a:)bi

1 —4L?
4¢2

(1-=x)

Effective conformal
potential: V(c)

ven AdS/QCD
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AdS/CFT Predictions for Meson LFWF ¥(z,b] )

Aqcp = 0.32 GeV k= 0.76 GeV,
Truncated Space Harmonic Oscillator
AdS/QCD

UCD
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Ad.S/CfT j—[o [Ogya:pﬁic Mod'e [ G. de Teramond

¢(07 bJ_)

UCD
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SJB

The front form

3 -dimensional photograph

meson LFWF at fixed LF Time
AdS/QCD
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e Drell-Yan-West form factor Py S,=%1/2 p+a, S,=1/2

2 -
Zeq/ dx/f;ré Wi (z kL — 2qL) Yp(z, k).

e Fourrier transform to impact parameter space l; n
Y(z, kL) = v 47T/d25¢ PR (2,5, )
e Find (b = \gﬂ) ;
1 g — ~
F(q®) = / da / b a2, b)) Soper
0

1 00 ~ 5
= 27’(’/ daz/ bdb Jo (bgz) |¢(z,b)|",

0 0

oo AdS/QCD
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Space-like pion form factor in holographic model for Agcp = 0.2 GeV.

UCD
March 13, 2007

Data Compilation from Baldini, Kloe and Volmer

AdS/QCD
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Hewristic Argument for an IR Fixed Point

as(Q?) ~ const at small Q2

Semi-Classical approximation to massless QCD
No particle creation or absorption B8 =0

Conformal symmetry broken by confinement

Effective gluon mass: vacuum polarization vanishes at small

momentum transfer
2 2 N
N(Q?) o 7?%_5 Q? << 4m3 as(Q<) ~ const

Analog of Serber-Uehling vacuum polarization in QED:

2
Q) = 15; %g Q2 << 4m?2
Decoupling of long wavelength gluonic interactions
e AdS/QCD
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Infrared-Finite QCD Coupling?

3y
| Shirkov
2.5 .
T Gribov
----2------\% \--}-%----- DOkShitSCI’
%' 15! \\ % Siminov
s 1% \ : % PQCD Asymptotic freedpm Maxwell
i Schwinger-Dyson\ N X i /
0-5 - _/’)\\_\\\\‘\\‘ 1
— === A4 o |
~0.4-0.2 0 0.2 0.4 0.6 0.8 1
Log 10[qg(GeV) ]
Lattice simulation Furui, Nakajima
(MILCO) DSE: Alkofer, Fischer, vow Smekal et al.
weD AdS/QCD
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Define QCD Coupling frowv
OW\/WZ}‘IB/ Grunberg

Neubert
Maxwell

Kataev
R 4.  x(s)= 3qug [1 4 aR7T(S)]

M(r — Xev)(m2) = Mo(r — uder) x[14 aT(:Tng)]

Commensurate scale relations: Relate observable to

observable at commensurate scales A. Kataev, Lu,
Rathsman, sjb

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

e AdS/QCD
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QCD Effective Coupling from

hadronic T decay
= 2 T [ T | | T T | T i. I T | I T I
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e vErrray

. f = ' H <

i e N i H 3 R \

' ff = . o e

; 7 ! T ? ;

T SR ———————— * I 3. - Sy N R S SIS S

(] H A e

i 3 R A

3 H R

H : R

| By | — .................. ....................... ...... 7
| | " OPAL 1 decays |

: T

| e DA OPAL tdecays |
| - =8 OPAL 1 decays |

025 [ T [ — U NN S
0.25 | Menke,Merino, Rathsman,SJB

0 0.5 1 1.5 2 2.5 3 5
s (GeV?)
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Constituent Counting Rules

d __ F(6
A \ C d_i(s’ t) o S[n(toirig] 5= Egm
5 /O<D Fr(Q?) ~ [é]”H‘l —t = Q2

Farrar & sjb; Matveev et al

Conformal symmetry and PQCD predicty
leading-twist power behawvior

Chawacteristic scale of QCD: 300 MeV

New J-PARC, GSI, J-Lab,; Belle, Babow testy

ven AdS/QCD
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Conformal behavior: Q2F,(Q?) — const

Q*F1(Q?) — const

> 0.8F 1 | |
Q - + CERNn-e scattering ... QCD Sum Rules (Nesterenko, 19
% i * DESY (Ackermann) . pQCD (Bakulev et al, 2004) a A
S ¢ DESY (Brauel) —  BSE-DSE (Maris and Tandy, 2§/00) 0.8l Y A
S @ JLab (Tadevosyan) - Disp. Rel. (Geshkenbein, 2040) ) Lg
L 0.6
o " E this work 4
C 3
0.6 &
F 3
3
4 1P 2 4
" Q F(Q7) [GeV7]
0.4 &
2
F' 3
F 3
4
0.2 [
0 — 5 10 15 20 25 30 3¢
0 0.5 1 1.5 2 2.5 3 3.5 4
2 2
Q? (GeV/c)? Q)° [GeV”]

Determination of the Charged Pion Form Factor at Q2=1.60 and 2.45 (GeV/c)2. Generalized parton distributions from nucleon form-factor da
M. Diehl (DESY), Th. Feldmann (CERN), R. Jakob, P. Kroll (W
DESY-04-146, CERN-PH-04-154, WUB-04-08, Aug 2004. 68pp.

Published in Eur.Phys.J.C39:1-39,2005
e-Print Archive: hep-ph/0408173

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

G. Huber

AdS/QCD
UCD
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Form Factors (p— Q' p' {(p'A'|J* (0)|pA)

q
2 _ — —
Fa (Q7) = % X, Ky Ki+ay Lepage, Sjb
Efremov
Radyushkin
> ) > \ >
P, A \/ > \j p+q, A
Wn Wn
QCD Factorization Scaling Laws from PQCD or AdS/CFT
,Y*
X % Y
TH => X5 5 § Yo +
X3 Y3
2
Us
T ey

oo AdS/QCD
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Leading-Twist PQCD Factorigation

Lepage, sjb

M = [ ] dwidyior (e, Q)X T (i, yis Qb1 (i, Q)

Exclusive

) —— ~
e~ ¢ If as(Q?) ~ constant

Q*F1(Q?) ~ constant

AdS/QCD

UCD
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s’do/dt (10°GeV' nb/GeV?)

Test of PQCD Scaling

C uent counti rules
onsti ng/ Farrar, sjb; Muradyan, Matveey, Taveklidze

® JlLab E94-104

TP — %' n a’At iulél etal (1 977)1976 7 +
A gnﬁct:lgc:?a:g%sén ) S d()'/dt(yp — TT n) ~ const
o) { ; 1
v Dlast% tearkgnaBi(efore)‘IQTO f ixed 6CM scahng
— SAID (2002)
---- MAID (2001)
} PQCD and AdS/CFT:
st 299 (A+ B — C+D) =
FA+B—>C+D(6CM )
7do
s'G(yp — wn) = F(Bcm)

B ‘TF nwt_1+3+2+3 9

1 15 2 25 3 a5 4 No sign of running coupling
Vs (GeV)
Conformal ivwawiance at highy momentum transfer!
AdS/QCD
UCD
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Conformal Inwvariance; E(’Yp — MB) = %
AdS/QCD

UCD
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Quawk-Counting : 9 (pp — pp) = Flc) n=4x3-2=10

10-30 i ) 1 1 T 1 110 I _r T ] ] L L ) 10-30
O
103 90° 75 o
1032} Jio Best ‘Fit
10-3 J1os n=9.740.5
cm? {
_10‘34
1090} > Reflects
1ot lg»  underlying
50 43
conformal
10-32- 38 —10—32
scale-free
1033 4100 . .
interactions
10-34 ] 1 1 111 J i | Lol 111 | I A | 10—34
s> 20 3040 60 80 s»15 20 3040 60 80 s»15 20 30 40 60 80
Gel P.V. LANDSHOFF and J.C. POLKINGHORNE
AdS/QCD
UcD
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do/dt (nb/GeV?)

— —Ld — —
o o o o
FENY IS

N —
o © |
>N

Deuteron Photodisintegration.

E55 30° = 07 <40° C 40° = 97 <50°
- SeTe i X=3.29 | ¥2=1.28
- et N £
— | | | "’*:\\\ | | - |
B 50° = 9% <60° - 60° = 9> </0°
[ =41 ;I%% =128
= . o
- ‘ s i:
o 70 = 0¥ <80 80" s T 2907
;@@@%.‘.. =14 i X=1.05
2 ...‘. - \\TT\’\'\
— | | NTT\'\ —

90° = 8% <100° - 100° = 8% <110°
i x=1.25 i x.=1.36
- T10° = 8 <120° |- 120° s1$°”<130
i x.=1.68 i x%=1.31
; \‘T\ ; .....\M\'\
m 130° = 05" <140° |- 140° = 0% <150°
:: \\\\%126 .‘.‘m’\- i

6 7 8 910 6 7 8 910
s (Ge\/z) s (Ge\/z)
UCD
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J-Lab

PQCD and AdS/CFT:

sha299(A+ B — C+D) =
FA+B—>C+D(6CM)

s"49(yd — np) = F (6cu)

s — 4 =
(1 +.6 + 355 SN

Conformal invariance
at high momentum transfers!

Stan Brodsky, SLAC




1 ¥, -

s (a)éﬁﬁ' *;—%: (b)g |PI<
© | - Belle = f - Belle i
% : %ﬁ% = ALEPH % j Wﬁ =+ ALEPH ‘Two-Photon
— = | Reactions
D L am}
§ 10'17 § 10-1?
= v - I Hard Exclusive Processes:
E E E \% Fixed angle
5 | 5 |

10755 3 35 4 10755 3 35 4

W[GeV] W[GeV]

£ (c) PQCD, AdS/CFT:
o - PSR Jf o= Kt )~ 6
oo et T T T T Ao(yy — nfn” KT, K7) ~ 1 /W
X o0 |cos(Bcu)| < 0.6
b 0.2;*

WGt ¥ 7 Conformal invariance at high momentum transfers!

Fig. 5. Cross section for (a) yy—n"7~, (b) yy—KTK~ in the c.m. angular region
|cos 0*| < 0.6 together with a W% dependence line derived from the fit of s|Ryy]|.
(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.

e AdS/QCD
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| Y .
@ | (l-x)pA
(1-y)pg
YPg
2 P2
Pg
(b) ' xz(\( , . |
iq_ . + . — | |
dr (yy—m 'n") 4|F,,(s)|2
~ 4
g“q'(’}"y—ﬂj,"'”-) 1—cos™0;.m.
dt | |
UCD AdS;?CD
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Lepage & sjb

I II"IHI
Ll

yy—mtm’

1 ITIIIHI
L1yl

yy—m°m°

Lol

(@]
il
Pt

O 02 04 06 08
22 = cos? (6)

(a): wa(ﬂi‘) X :E(]. — aj)
(b): ¢n(x) o [2(1 — x)]1/4
() ¢n(z) x 6(z —1/2)

e}
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PQCD: 90 ey & TIPS

* ‘1~ 4 (9*
d|cos 0% s  sin
pA0-250GeV  P30-2.60GeV  P-60-2.70GeV  P-702.80GeV  P-80-2.90GeV  P-90-3.00GeV
— | o gl ] 41 a4} Y
g Mg B g B
Yl el
O PTG PI03 306 P0330GeV | PI03AGY  PAII0GY  P0-360GeV
By ,9 : ;};ﬁ i; ! ?:
" G0370GeV P 70380GeV | P80-390GeV — PI0A400GeV | H004T0GeV
.Do ! ! - - : o o
z.sw © K'K
: i - 1.227
o~ g : + ~ sin%e’
03 0o 03 o0 03 0 03 0 03
4. Angular dependence of the cross section, oy 'do/d|cos 6*|, for

the 77w (closed circles) and KK~ (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

Con AdS/QCD
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QCD Prediction for
Deuterow Form Factor

F,(Q2)= [O‘g‘;z)] > d, <1n—QF)- o [1+0< (@2 Q)]

m,n
(% > _ A-100Mev | T(O) ]
Define “Reduced” Form Factor aor 10 Mev i
] - ¢ | GeV
<20

. _Fy (@ y
= e L

Same large momentum transfer 2
behavior as pion form factor e

Q2 (Geve)

FIG. 2. (a) Comparison of the asyn;ptoti/c; QCD pre-
¢ diction f; @)= (1/@ ) In Q*/AD]~1"C/ICF/B with final

8 (Qz) Q2 ( 2/5 ) CF/B data of Ref. 10 for the reduced deuteron form factor,
where Fy(@? =[1+Q2/(0.71 GeV?)] 2. The normaliza-
Qz Az tion is fixed at the Q 2= 4 GeV? data point. (b) Compari-
March13, 2007 34

fd(QZ) ~

son of the prediction [1 + Q% m )] f;(Q%)=<[In Q%/
AY]-1-(2/5 Cp/B with the above data. The value m 2
= 0.28 GeV? is used (Ref. 8).




Define “Reduced” Form Factor e/
e -

| A%

b
2

2\ — Fy(Q?) p+q
fd(Q ) — Fp(QTQ)Fn(QTQ)

Elastic electron-deuterow scattering

oo AdS/QCD
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0.5 T T T T ]

Deuteron Reduced Form Factor

3
(q\|
Z 04
azZ
L % ~ Pion Form Factor x 15%
G 031 =
LLQ .
b ¢

@02, =
£ Hooo o o
(q\|
clr 0.1 —
- | | | | LY

0 1 2 3 4 5 6 V4
LYY, —q2 (GeV?)

e Evidence for Hidden Color in the Deuteron

ven AdS/QCD
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Why do- dimensional counting
rudes work so-well?

* PQCD predicts log corrections from powers of ¢, logs, pinch
contributions Lepage, sjb; Efremov, Radyushkin

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

* Lattice results show similar flat behavior Furui, Nakajima

* PQCD exclusive amplitudes dominated by integration regime
where O is large and flat

AdS/QCD
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Conformal symumetry: 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
* Commensurate scale relations: relate observables at
corresponding scales: Generalized Crewther Relation

e Use AdS/CFT

on AdS/QCD
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String Theovy

+ Mapping of Poincowre’ ands
AdS/CFT Cowfwmabsi?;;xmmmwof
Goal: First Approximant to- QCD } to- AdS5 space
Counting rules for Hawrds ’
Exclusive Scattering : CW% % at short
Regge Trajectories AdS/QCD  Confs 2 e
QCD at the Amplitude Level + onfinement o
Semi-Classical QC’D:/ Wawve Equations
L Holography
Boost Irwawriont 3+1 LLg/:ht-Fcht Wawve Equations
J=0,1,1/2,3/2 plus L + Integrable!
I
Hadrow Spectra, Wavefunctions; Dynounics
AdS/QCD

UCD
March 13, 2007 39 Stan BrOdSk}’, SLAC




UCD
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5-Dimensional
Anti-de Sitter
Spacetime

AdS/QCD
40

Truncated AdS Space

4-Dimensional
Flat Spacetime
(hologram)
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Scale Transformations

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

, R2 wwaowrtont measure

ds (Nuvdztdz’ — dz?) ——_——

T2
" — Ax¥, 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.
D O L e
2

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

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

on AdS/QCD
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Guy de Teramond

AdS/CFT

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

® Scale Transformations represented by wavefunction (z)

in §th dimension z2 — \2z2 z— Az

* Holographic model: Confinement at large distances
and conformal symmetry in interior 0 < z < zg

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

* Truncated space simulates “bag” boundary conditions

1
w(ZO) =0 20 — AQCD

on AdS/QCD
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Identify hadron by its interpolating operator atz -- >0

5
4 Gonfinement
in the 5th
iIimension
O(2)
0 4
A =34 L:
_ 1
Twist dimension “0 = Agep
of baryon
AdS/QCD de Teramond, sjb
UCD
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Action for scolow field inAdSs

S[P] = /{’/d4xdz\/§ [gemﬁgq)*@mq) — ,LL2<I>*<I>]

2’2

where [r'] = L2 g'm = ﬁﬂem Vg =R>/z°

Actiow iy wwawriont
wunder scole zt — )\fl?'u, z— AZ.
tronsformations

d(z*) = d(A\zh)

S 1 0 0
Variation wrt. o N ( NG, glm T <I>> + 120 =0
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Solutions of form: ®(x, z) = e_ip'xf(z) P, Pt = M?

(LR)?

~2

S =—KkR’ / ‘j—j [(azf)2 — M?f? + f?

Variation of S wrt £ :

0. ( 50.8 ) + M~ (uRP S =0
Z

2°07 — 320, + 2°M? — (uR)?] f =0,

Introduce confinement, break conformal irwawioance
P-S B d Conditi — 1 —
oundary Condition f(z = /\QCD) =0

—1
Normalization in truncated space 3 /AQCD dz (2) =
0




Identify Orbital Angular Momentum.  (,R)2 = —4  [2

e Wave equation in AdS for bound state of two scalar partons with conformal dimension A = 2 + L

2202 =320, + 2 M? — L* + 4] ®(2) =0,
with solution
B(2) = Ce P22 T (2 M).

e For spin-carrying constituents: A - 7=A—0, 0 =), 0;.

e The twist 7 is equal to the number of partons 7 = n.

Introduce confinement, break conformal invariance

on AdS/QCD
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Identify Orbital Angular Momentum.  (,R)2 = —4  [2

e Wave equation in AdS for bound state of two scalar partons with conformal dimension A = 2 + L

2202 =320, + 2 M? — L* + 4] ®(2) =0,
with solution
B(2) = Ce P22 T (2 M).

e For spin-carrying constituents: A - 7=A—0, 0 =), 0;.

e The twist 7 is equal to the number of partons 7 = n.

Introduce confinement, break conformal invariance
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Match fall-off at small z to Conformal Dimension
of hadron state at short distances

e Pseudoscalar mesons: O3y = %75D{£1 . Dy, v (P, = 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 B, k: Mak = BarxAocD

e Normalizable AdS modes @ (z)

®(2)
1 2F -
4 | | ~0
4 1 0 1 3 3 4
NQcp

Fig: Meson orbital and radial AdS modes for Agcp = 0.32 GeV.
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