Hadronigatiow at the Amplitude Level

| ) - ('CU kJ_a Ai )
Capture 1f (? =xz(1 - x)b2 L

D)
AQCD

AdS/QCD
Hourd Wall.  1.e.,

2
Confinement: /\/12:’“—L<A2QCD
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e Baryons Spectrum in "bottom-up” holographic QCD

GdT and Brodsky: hep-th/0409074, hep-th/0501022.

Bawyons ivv
Ads/CFT

e Action for massive fermionic modes on AdSg 1:
S[W, U] = /dd+1x VI (z,2) (iFeDg — ,u) U(x, 2).
e Equation of motion: (z’FeDg — ,LL) U(x,z) =0
. fm d 14
[z (zn 'Oy, + §Fz> o ,uR] U(z") = 0.
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Baryons

Holographic Light-Front Integrable Form and Spectrum

e In the conformal limit fermionic spin-3 modes ¢/(¢ ) and spin-3 modes ¢/, (¢ )

are two-component spinor solutions of the Dirac light-front equation

all(C)1h(¢) = My(C),

where H; r = all and the operator

[+ 1
Ih@)i(d +2%>,

dg G
and its adjoint HTL(C) satisfy the commutation relations

(0, 0] = 5

e Supersymmetric QM between bosonic and fermionic modes in AdS?

v5-
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Note: in the Weyl representation (zcv = ~53)

0 I
-7 0

00 =

Baryon: twist-dimension3+ L (v = L + 1)

O34 = YDy,

0 I 0

— ) Y5 =
I 0 0 -1
m

.. DDy, ... Dy ytp, L=) 4

Solution to Dirac eigenvalue equation with UV matching boundary conditions

¥(¢) = CV/C [Tp1 (CM)ug + Jppa(CM)u_].

Baryonic modes propagating in AdS space have two components: orbital L and L + 1.

Hadronic mass spectrum determined from IR boundary conditions

given by

Y+ (¢ =1/Aqep) =0,

- - _
M = Bughqep, M, = Bt kxlqep,

with a scale independent mass ratio.
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0

1-2006

8694A14

| | | | |
N (2600),-

L / p—
@ 1=1/2 e (b) 1=3/2
N (2250) /7 d
| 7/ | 7 ]
N (2190) A (1950) 7
N (1700) P A (1920) P
N (1675) 4,’ A (1910) s
N (1650) P A (1909)
e N (1535) //’ N (2220) - _
N (1520)
J P A (1232)
1
B B —— 56
®  a@700) ——= 70
A (1620)
N (939)
| | | | | | | | | | | |
0 2 4 0 2 4 6
L L

Fig: Light baryon orbital spectrum for AQCD = 0.25 GeV in the HW model. The 56 trajectory corresponds to L

even P = -+ states, and the 70 to L. odd P = — states.
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SU®B) S L Baryon State
1 1+
56 L 0 N3 " (939)
_|_
5 o A27(1232)
70 1 1 N1 (1535) N2 (1520)
3 1 N3 (1650) N5 (1700) N2 (1675)
1o A3 (1620) A3 (1700)
56 1 2 N37(1720) N27(1680)
32 ALlT(1910) A2T(1920) AST(1905) AIT(1950)
70 L 3 N3~ NI
3 3 N2~ N2 NI (2190) N2 (2250)
. -
L3 A2 (1930) AL
56 L 4 NIT  N2T(2220)
3 + 7+ 9+ 11+
3 4 ASTAZT AZT ALLT(2420)
70 1 5 N2~ N1 (2600)
3 7 9— 11— 13~
5 5 N3 N3 N3y N3
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Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

e \We write the Dirac equation

(aII(¢) = M) (¢) =0,

in terms of the matrix-valued operator 11

1
HI/(C) = —1 <dd<- _ V—g 2/75 — /{24.’75) ’

and its adjoint HT, with commutation relations

. 10) = (P - 26

e Solutions to the Dirac equation

e Eigenvalues
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e Baryon: twist-dimension3+ L (v =L + 1)
Ostp =¥Dyy, ... DoDyyyy - - Doyth, L= 4.

e Define the zero point energy (identical as in the meson case) M? — M? — 4x2:

M? =4x*(n+ L +1).

M? (GeV?)

N{2220)

N{1720}

N{1680)
1
N (940}
0 1 2 3 4 5 6
[
Proton Regge Trajectory ~ = 0.49GeV
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Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

F(QY) = g. / a¢ J(Q, Q)+ (O

2 2
FL@) = g [ dCIQON- ()P
where the effective charges g+ and g_ are determined from the spin-flavor structure of the theory.

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

e For SU(6) spin-flavor symmetry
FQ@) = [ @01+ OF,
Fr@) = —3 [ 4010 [6+(OF - 1]
where FP(0) = 1, F(0) = 0,
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e Scaling behavior for large Q*: Q*FF(Q?) — constant | Proton 7 = 3

9-2007
8757A2 Q? (GeV?)

SW model predictions for k = 0.424 GeV. Data analysis from: M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).
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Dirac Neutron Form Factor
(Valence Approximation)

Truncated Space Confinement

QIF(Q?) [GeV

-0.35;

Q% [GeV?]

Prediction for Q* F'1*(Q?) for Aqcp = 0.21 GeV in the hard wall approximation. Data analysis from
Diehl (2005).
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e Scaling behavior for large Q%: Q*F7*(Q?) — constant | Neutron 7 = 3

04 A TR
0 10 20 30

9-2007

8757A1 Q? (GeVz)

SW model predictions for kK = 0.424 GeV. Data analysis from M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).
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Spacelike Pauwli Form Factor

Preliminary
From overlap of L =1 and L =0 LEWF's
' Harmonic Oscillator
| Confinement
- Normalized to anomalous
1.5 moment
p 2\ |
F(Q7)
11
| k= 0.49 GeV
0.5
0 1 2 3 4 5 6
Q?(GeV?) G. de Teramond, sjb
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AdS/CFT and, Integralbility

e L. Infeld, “On a new treatment of some
eigenvalue problems”, Phys. Rev. 59, 737 (1941).

* (Generate eigenvalues and eigenfunctions using
Ladder Operators

* Apply to Covariant Light-Front Radial Dirac and
Schrodinger Equations
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Algebraic Structure , Integrability and Stability Conditions (HW Model)

e If L2 > (OtheLF Hamiltonian, H r, can be written as a bilinear form

HEp(¢) = I} (OIL(C)

 (d L+3
HL(C)__?/(dC_ C )7

in terms of the operator

and its adjoint

d L+3
I} (¢) = —i 2
with commutation relations
2L +1

M2(0, ()] = =5

e For L? > ( the Hamiltonian is positive definite

& |HEp| ¢) = / d¢ |z é(2)2 = 0

and thus M2 > 0.

Trieste ICTP AdS/QCD Stan Brodsky
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Ladder Construction of Orbital States

e Orbital excitations constructed by the L-th application of the raising operator

CLE = —iHL

on the ground state:
CLT‘L> _— CL|L + 1>.

e In the light-front (-representation

o©) = (=B 0 () e
G dg
= OLﬂJL (CM).
e The solutions ¢y, are solutions of the light-front equation (L = 0, £1,42,---)
d? 1-1I7 .
1~ | 90 = M),

e Mode spectrum from boundary conditions : ¢ (( = 1/Aqcp) = 0.
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Non-Conformal Extension of Algebraic Integrability (SW Model)

e Soft-wall model [Karch, Katz, Son and Stephanov (2006)] retain conformal AdS metrics but introduce

smooth cutoff which depends on the profile of a dilaton background field (2 ).

e Consider the generator (short-distance Coulombic and long-distance linear potential)

1
HL(C)—i<d L+2—/€2C>,

i ¢

and its adjoint

(d L+i
HTL(C)—@<d€+ s
with commutation relations

MmO 0)] = 5= -2

e The LF Hamiltonian IM@Q/VOUI){P/ |

Hyp =TI, +C
is positive definite (¢|Hp,r|p) > 0for L? > 0,and C' > —4k2.

e Orbital and radial excited states are constructed from the ladder operators from the L = 0 state.
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Holographic Connection

between LF and AdS/CFT

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

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

* Identification of Orbital Angular Momentum
Casimir for SO(2): LF Rotations

* Extension to massive quarks
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New Perspectives for QCD fromAdS/CFT

e LFWFs: 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 LEFWFs, meson and baryon spectra: many
applications!

* New basis for diagonalizing Light-Front Hamiltonian

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

* Quark Interchange dominant force at short distances
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CIM: Blankenbecler, Gunion, sjb

Quawk Interchange Gluon Exchange
(Spinv exchange inv atowr- (Vo der Waal, - -
atom scattering,) Landshoff)

do — [M(s,D)|°
dt 52
M(t, U)interchange X u—iz M (s, t)gluonexchange ox sF(t)

MIT Bag Model (de Taw), lawge N¢, (‘t Hooft), AdS/CFT
all predict dominance of quark interchange:

Trieste ICTP AdS/QCD Stan Brodsky

May 12, 2008 104 SLAC & IPPP

104



| |
A 70 Gevr
10¢ |- "
o K10 GeVic
o K'5 Gevie

— Qo
c0S Bx m.

Trieste ICTP
May 12, 2008

AdS/QCD

AdS/CFT explaing why
quawk interchange is
dominant
momentunm tronsfer
inv exclusive reactions

1
M (%, w)interchange wt2

Non-linear Regge bebavior:
ap(t) — —1
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Why is quark-interchange dominant over gluon
exchange?

Example: M(KTp — K1p) u—12

Exchange of common uw quark
Moy = [d2k | dz ¥l A

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

Hadrons enter 5th dimension of AdSs

Quarks travel freely within cavity as long as

separation z < zg = /\QlCD

LFWFs obey conformal symmetry producing
quark counting rules.
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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, ® H. Courant, K. J. Heller, S. Heppelmann, ©’ M. L. Marshak,
E. A. Peterson, M. A. Shupe, and D. S. Wahl @
University of Minnesota, Minneapolis, Minnesota 55455

D. S. Barton, G. Bunce, A. S. Carroll, and Y. [. 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.: #Xp—pr T pp T, a*a* K ¥ (AYZOKO,
K*p— pK*; p*p— pp~. By studying the flavor dependence of the different reactions, we have been

able to isolate the gquark-interchange mechanism as dominant over gluon exchange and quark-antiquark
annihilation.

kKTs s kT T d d k°
, . u u u s
nop—*pn—, |
|
K Sppk=, 5 4 up | opu N
u
ntp—pp™, d GEX d : d ANN d
1 - u L | 5] s
x=p—K "X, 1
- AOp0 <00 u u | u s 3
T P hK‘EK! P u u p | P d d ir'l'L
d QIN d u CcoMm U

+ -~
p=p—pp~.
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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
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Light-Front Wavefunclions

Dirac’s Front Form: Fixedt =t +2z/c

P(x, k) -+

Irwowiant under boosts. Imdepemde/wtofPu
HER [ >= My >
Remawkable new insighty from AdS/CFT,

the duality between conformad field theory
and Anti-de Sikter Space
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Some Applications of Light-Front Wavefunctions

Exact formulae for form factors, quark and gluon distributions;
vanishing anomalous gravitational moment; edm connection to
anm

Deeply Virtual Compton Scattering, generalized parton
distributions, angular momentum sum rules

Exclusive weak decay amplitudes

Single spin asymmetries: Role of ISI and FSI
Factorization theorems, DGLAP, BFKL, ERBL Evolution
Quark interchange amplitude

Relation of spin, momentum, and other distributions to physics of
the hadron itself.
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Space-time picture of DVCS P. Hoyer

o= %az‘P"’

*

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 B

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

Hadvrovw Optics
A(0,b)) = & [ dee'z7 A(e, b)) 1 _ Q2
—- 2 € = O — §a§‘ P 5 - 2p.q

80 | T | T T T |

60

DVCS Amplitude using
holographic QCD meson LFWF

40

Aocp = 0.32

20

0

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

6] ]. GeV units
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Diffractive Dissociation of Piow

into- Quawrk Jets
E791 Ashery et al.
by ~0 (1/k, )
l > X1 ki1
T X2, kiz
A A 2
0
M o 32k,J_¢7T(337 kJ_)

Measure Light-Front Wowefunctiow of Piow

Minimad momentum tronsfer to- nuclews
Nuclews left Intact!
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£791 FNAL Diffractive DiJet

by ~0 (1/k,)
i X1s Kiq
-
T > (
T X2, Kio
A A’

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

Two-gluon exchange measures the second derivative of the piovw

light-front wawvefunctionw
q
N o 2
\J)A—?—q M asz%T(ankl)
|
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Key Ingredienty inv €791 Experiment
b, ~0 (1/k;)

i X1, Kit Brodsky Mueller
T : ( R Frankfurt Miller Strikman
T Xo, Ky o

A A

Small color-dipole moment pion not absorbed;
interacty withy eachy nuucleovw cohervently
QCD COLOR Trawvvsparency

T ‘ ’ Cfl_i(wA — qgA’) = A? ‘é—‘;(ﬂN — qqN’) fo(t)

| N "
A i ! ! \/ Target left intact
- Diffraction, Rapidity gap
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Color Travusparency

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

* (Clear Demonstration of CT from Diftractive Di-Jets
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e Fully coherent interactions between pion and nucleons.

e Emerging Di-Jets do not interact with nucleus.

225

200

175

150 |

125

events

100
75
50

25

Trieste ICTP
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M(A) = A- M(N)

|'|||]

TTTTIm I I T T LT T4k
LR AR RARS

Nuclear coherence

Pt

_1p2
F3(q?) ~e 3"

450
400
350
g3| 300

250

events

200
150

100

IIII|III_L1_J_]..I..I'['|-IIIIIIiIlIIII |

0

0.1 0.2 0.3
g (GeV/c)

Nuclear coherence

AdS/QCD
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Mueller, sjb; Bertsch et al;
Frankfurt, Miller, Strikman

Measwire piow LFWF inv diffractive dijet productionw
Confurmatiow of color transparency

A-Dependence results: o ox A?
k; range (GeV/c) - a (CT)
1.25 < k< 1.5 1.64 4+0.06 -0.12 1.25
1.5 < k< 2.0 1.52 £ 0.12 1.45
Ashery E791
2.0 < k< 2.5 1.55 £ 0.16 1.60

« (Incoh.) = 0.70 £ 0.1

Covwentionald Glauber Theory Ruled Factor of 7

out!
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E~791 Diffractive Di-Jet transverse momentum distribution

§' t 4o Two Components
P th I __ .-65
{ " |
“ 104 — Gaussian High Trangverse s
momentum dependence kr—
, consistent withy PQCD,
ol ERBL Evolution
ﬁ Gaussiov component similow
104 \l H to-AdS/CFT HO LFWF
2 T4 16 18 2 22 24 26 28 3
kT (GeV)
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70
- 1.25 2k, =1.5 GeV/c - 1.5k 2.5 GeV/c
60 — 50 —
50 - 2
40 —
40 5
30
30 -
20—
20 B
10 L |
SN } l
o Lo b Lo TN 1 ol i
0 0.2 0.4 0.6 0.8 1 0 0.8

X

:
Ashery E791
Nawrowing 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 < k; < 2.5 GeV/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.

Possibly two components:

Nonperturbative (AdS/CFT) and  ¢(z) \/ (1 —z)

Perturbative (ERBL)
Evolution to asymptotic distribution
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0. (x)

2 | | | | | | | | | | | | | | | | | | |
| Linear potential(m=0.22 GeV,B=0.3659 GeV) |
" - HO potential(m=0.25 GeV,B=0.3194 GeV) I Qbasympt ~ I ( 1l —x )
s 0, (x)~x(1-x) - /
0o O~X(10] ]
5= T ]
_ | #(z, Qo)  /z(1 — )
= {//f{j}‘.
0.5 _.-’:/ //_,:'::
_,,."' I;-I"" '""-;\ i| Increases PQCD leading twist predictio
: | Wi Fr(Q?) by factor 16/9
0 '::/I T RN NN AN AT SN NN NN SN ST S NN N SR SN S S N \\1'
0 0.2 0.4 0.6 0.8 1
X
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Lepage, sjb C.Ji, A. Pang, D. Robertson, sjb

Choi, Ji

167Cray(Qy)
(1-x)(1-y)0*

1 1
F Q%)= JO dx ¢ (x) JO dy$(y)

0.6 T T
0.5 i

0.4 -

CF@) | 1% E * | |
sb |

o ST Y ] 62, Qo) o (1 — o)

02 F5 1 1 -
X

————— - Pasymptotic X (1l — )

0.1

0 ' ' ' ' p Normalized to fr
Q* (GeV?)
Increases PQCD leading twist prediction for
AdS/CFT:
Fr(Q?) by factor 16/9
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Measurement of Nuclear Transparency for the A (e, ¢’7w") Reaction

/] __+ B. Clasie, et al, Jlab
eAd —en" X PRL 99, 242502 (2007)

1.2"
i 2H i E 0.8 0.81_27AI
1.0' & L ¢
050.6_ _:‘_“__‘_‘,n% """" (lllllIIICO-h)V
0 8“_120 § ‘—‘r.:‘:.—.r..'..‘..‘..'..'.:: ...... i -+ TVWMW
[ ¢ ___.._.._'._”_-_”_.‘_“_“_“_'i,,‘-‘r\""' ' i PVM{/OW
> e F ] N
§0.6 og- T 0.4
8 — Glanber
c
£06 *cu 0.4

05 — i}

-

...... 0.3
e
04 | Y EE Lk
. —
0.2
03 . | | |
? Y a2 (Geviey *
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pawticle ratio-changes witihvcentrality!

o 1'8: proton/pion ]
T 1.6f .
= : :
141 -
; L <« Central
1.2 ~
’ 3 - 0w Au+Au 0-10%
- n ] A o  Au+Au 20-30%
0 8-_ ] o o Au+Au 60-92%
Ol L * p+p, \s =53 GeV, ISR
- T + N ---- e'e, gluon jets, DELPHI
0'6: ------ e*e’, quark jets, DELPHI
0.4[ 6 | .
: %%" + +* e <«— Peripheral
0.2 ~
; |
0 Protons less absorbed
0 1 2 3 4 innuclear collisions than pions!

p; (GeV/c)

Open (filled) points are for 7= ("), respectively.
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Bawyow cowv be made divectly withvinw howd subbrocess

Bjorken
P Blankenbecler, Gunion, sjb
_ Berger, sjb
Coalescence UU — pd Hoyer, et al: Semi-Exclusive
within hard
subprocess sp(21,72,23) < AJp
Small colov-singlet
Color Transparent
Minimal same-side energy
u — 0.‘.. &’ < u
g ”m g
. ive= O — Bqg
Collision cawvproduce 3 s qq9 — Bq
collineor quawrks Neff= 2Nactive ~ 4
- 8
B Neff=
d
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Power-law exponent n(x7) for 7V and /4 spectra in central and peripheral Au+Au collisions at

/syny = 130 and 200 GeV

S. S. Adler, et al., PHENIX Collaboration, Phys. Rev. C 69, 034910 (2004) [nucl-ex/0308006].

b+ z'ncludes protons
1 0 I I | I | I | I I I I I I I I

n(x,) for h++h l Cent{‘al

- 77 0-10%
~ [160-80%

n(x,) for x°
o7 0-10%
[] 60-80%

{

_—
l—
X
c 9

T R l ripheral

r~rr~rr1rr 7717 7717
TR IR I I IS T T

| | | | | | | | | | | | | I | | _
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
X

T

Protonw production dominated by
colov-transpovent divect high neg subprocesses
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