Conformal Theories awre ivwowriont under the
Poincare and conformal travusformations withv

MHY PH, D, KH,
the generators of SO (4,2)

SO(4,2) has a mathematical representation on AdS35
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Scale Transformations

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

R2 wowrtoant measure
ds* = ;(nuydx“dx” P e
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 = Nax? 2z )z
2

Tr° = a:ua:“: invariant separation between quarks

e The AdS boundary at z — 0 correspond to the () — 00, UV zero separation limit.

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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Guy de Teramond

AdS/CFT

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

Scale Transformations represented by wavefunction (%)
in §th dimension z2 — N2z z— Az
Holographic model: Confinement at large distances

and conformal symmetry in interior 0 < z < zg

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

Truncated space simulates “bag” boundary conditions

_ 1
¢(ZO> =0 20 — ANQCD

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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Identify hadron by its interpolating operator atz -- >0

Confinement

in the 5th
Jdimension
®(2) /
0 4
AN\ =34 L:
Twist dimension ~0 = /\QlCD
of baryon

de Teramond, sjb
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®(z) = 23/2¢(z)

AdS Schwodinger Equationw for bound state
of two- scalow constituenty

[— 3+ V(@)]é(z) = M2(2)

Truncated space

2
V(z) = —1=4L d(z =20 = 1) = 0.

47,

Alternative: Harmonic oscillator confinement.

2
V(z) = — 1;321‘ k472 Karch, et al.

Derived from vawriation of Actionw invAdSs

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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b, (1235)

1-2006

|
2
8694A12 L L

Light meson orbital spectrum Agcp = 0.32 GeV

Guy de Teramond
SJB
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Bawyow Spectruwm

e Baryon: twist-three, dimension % + L
m
Qs =4Dysy ---DeyDpyyy - Deyp, L=) b
i=1

Wave Equation: | [22 02 — 320, + 2°M? — L1 + 4] fr(2) =0

with Ly = L + 1, L_ = L + 2, and solution
U(z,2) = Ce P22 [JHL(zM) s (P) + Joy1.(2M) u_(P)

® 4-d mass spectrum \I!(a:, ZO)jE = (0 == parallel Regge trajectories for baryons !

M;)tk — 5oz,kAQCDa ;,k — 5a+1,kAQCD-
e Ratio of eigenvalues determined by the ratio of zeros of Bessel functions !

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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Entire light

Prediction from Only one uark barvon
AdS/QCD parameter! 1 Y
spectrum
T ' T ' '
N (2600),
5 @ 1=1p e () |=3/2 ]
// A (2420) .
- N (2250) /,’
Y 6 N (2190) .~ B 7 |
& ’ ’
E - -
A (1232)
2 . —— 56
A (1700) -—— 70
N (o0 A (1620) e
0 | ! | I | I | ! | ! | I
0 2 4 6 0 2 4 6
360414 L L

Fig: Predictions for the light baryon orbital spectrum for AQCD = 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
PACSPINo7y Hadronic Spin Physics & AdS/QCD
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e SU(6) multiplet structure for N and A orbital states, including internal spin .S and L.

SU®6) S L Baryon State
56 0 N 11 (939)
0 A3 (1232)

70

56

70

56

70

1 N17(1535) N3~ (1520)

1 NZ7(1650) N3~ (1700) N3~ (1675)

1 A L7 (1620) A3 7 (1700)

2 N 27 (1720) N 3T (1680)

2 AlT(1910) A27T(1920) A5T(1905) AZ T (1950)

DWW N W N[RN[R W N NWNR N NW N W N

5— 7 —
3 N3 NI
3 N3T N2T  NI7(2190) N2 (2250)
3 AS7(1930) AL
4 NIt N2T(2220)
5+ 7+ 9+ 11+
4 A3 AT A2 A LT (2420)
9 — 11 —
5 N2 Nil
5 NI7 N2T N7 (2600) N12T

PACSPINo7
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Hadron Form Factors from AdS/CFT
e Propagation of external perturbation suppressed inside AdS. J(Q,z) = 2QK1(zQ)

o At large Q2 the important integration region
sz~ 1/Q.
_rd
F(Q2)—p = [%Pp(2)J(Q,2)P (2)
J(Q,z), P(z) c
High Q’ i Polchinski, Strassler
from - de Teramond, sjb
small z ~1/Q

e Consider a specific AdS mode ®(™) dual to an n partonic Fock state |n). At small z, &™)
scales as () ~ 227 Thus:

1 771 Dimensional Quark Counting Rules:
F(O?) — | — , General result from
(&%) [Q2] AdS/CFT

where 7 = A,, — 0, 05, = 2?21 o;. The twist is equal to the number of partons, 7 = n.

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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Sp@cebk@pwwforwvfwotw fromAdS/CFT

q2(GeV2) . QQ(G€V2)

Data Compilation from Baldini, Kloe and Volmer

Harmonic Oscillator Confinement

Truncated Space Confinement

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

See also: Radyushkin

PACSPIN ic Spi i
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Nucleon Form Factors

Consider the spin non-flip form factors in the infinite wall approximation
9 3 dz 2
Fo@) = 0B [ S 7Q2) lwaa)
9 3 dz 2
FQ) = oF [ 5@ -,

where the effective charges g1 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 ¥ (z) and ¥ _ (z) correspond
to nucleons with J* = +1/2 and —1/2.

For SU(6) spin-flavor symmetry
P ()2 3 [ dz 2
R@) = B [ZI@aeP

F@) = 3R [ 57Q2) [0 ()F - -]

where F7'(0) = 1, F[*(0) = 0.

Large (Q power scaling: F; (Q?) — [1/@2]2.
G. de Teramond, sjb
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AdS/QCD

N =0,1,2
2n!
n+L+1)!

O() = st \/ (

PACSPINo7y Hadronic Spin Physics & AdS/QCD

August 2, 2007
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Guy de Teramond
SJB

Protovv
Wowefunctions

needed for Dirac

ond Poudi Formy
Factory

Harmonic
Oscillator
“Soft Wall”
Model

3—|—L6—/<:2C2/2LTI;—|—1 (/12C2)

Stan Brodsky, SLAC
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G. de Teramond, sjb

1 - - - - - Preliminary

FP(Q?)

Hménomc Oscillator 'k = 0.424 GeV
onfinement.

Truncated Space Conﬁnemelilt N =0.2 GeV

QQ (G o\/2 ) Curll;ent mOfiiﬁed
y metric

F1(Q)1—r = [ %0 }(2)J(Q, 2)®)(2)

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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G. de Teramond, sjb
Dirac Neutron Form Factor Preliminary
(Valence Approximation)

Truncated Space Confinement
Q*F1(Q?) [GeV?]

-0.35;

1 2 3 4 5 6

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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Spacelike Pauldi Form Factor

Preliminary
From overlap of L =1 and L =0 LEWF's
' Harmonic Oscillator
_ Confinement
- Normalized to anomalous
1.5 moment
p 2\ |
Fy(Q7) |
1L
k= 0.49 GeV
0.5
0L ous D
0 1 2 3 4 5 6
QQ(GeVQ) G. de Teramond, sjb
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Hadronic Form Factor in Space and Time-Like Regions

e 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@)rr = R [ d0ami00,) 1(Q.2) @1(2

“o dz
= B [ 8e(2) (Qu2) B(2)

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

b J(@oz) = L J(@4) = 1.

e 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.
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Light-Front Representation
of Two-Body Mesow Form Factor

e Drell-Yan-West form factor

42k
Zeq/ dx/ 167TJ3_ Wiz, k) —xq) vp(z, k).

e Fourrier transform to impact parameter space E L
Y(x, EL) = \/47T/d25l eibrkl{;(x, l_)l)

o Find (b= [b,):

1 =2 = P
F(q°) /0 da:/ d’b | embL'“W(:p,b)\z Soper

1 e
27T/ d:v/ bdb Jy (bqx)
0 0

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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Identical DY'W and AdS 5§ Formulae: Two-parton case

e Change the integration variable ( = |Z;L|\/x(1 — )

1 da:o Cma:c—A(—QCD CQ
2y
F(Q)_QW/O x(l—x)/o Cd<J0<\/x1—x>’¢x<‘

e Compare with AdS form factor for arbitrary (). Find: Same result for
LF and AdS;3

1
Q.0 = | d:cJo< wf‘fﬁ . ) = (QKI(CQ), (=

the solution for the electromagnetic potential in AdS space, and

~ - Aqop P P AGeD
W(z,b1) = 1 (Bo) Va(l —x)Jo (\/33(1 - l’)%ﬂﬁo,lAQCD) 0 (bf < (1 — m)>

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

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

and is also the holographic coordinate ( = 2 !

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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LF(3+1) AdSs

2
(1-=2)

(2, ) = Va(l —2)26(C)

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

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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Holography:
Map AdS/CFT to- 3+1 LF Theory

Relatvistic LT radial equatiovw Frame Independent

— &+ V(O] 60 = M29(0)

G. de Teramond, sjb

(2 =z(1— x)bi

Effective conformal 1 —4L72

(1-—=x)

4 .9 Soft wall hawmonic
+K5C”  oscillator potential:
PACSPINo7 Hadronic Spin Physics & AdS/QCD
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Prediction from AdS/CFT: Mesow LFWF

o (?3.60.40 2
0.2
0“\ L Harmonic
2 0.15] A\ .
Yur(z, k L> Oscillator model

| de Teramond, sjb
k| (GeV) 1. ”::.0’
7 ou(@,Qo) o \/2(1 — =)

1.5
Increases PQCD prediction for F,(Q?) by 16/9

H ° ° Ph ° A D
adronic Spin 9irsws & AdS/QC Stan Brodsky, SLAC
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0 (%)

1.5

0.5

— Linear potential(m=0.22 GeV,=0.3659 GeV)
--- HO potential(m=0.25 GeV,3=0.3194 GeV)
0. (0)~x(1-x)

e OX (0]

//./ ".,:\ \\
- e x_"\.\\ —
Vil BN
i i R\ _
N \.
R/ \\

— '/ \“ p—

1 AN

i A
- C \ _

/ \

{1 \
g a _

1 A
— I I : |

.,. :.
BARE
i
I -]
T \
! [i i
[N -
CF |
!_ I |
11 ]
i, :
/1 I I | I I I | I I I | I I I | I I M
0.2 0.4 0.6 0.8
X

AdS/CFT:

¢(x, Qo) o y/z(1 —x)

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

/
QCD Stan Brodsky, SLAC
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Lepage, sjb C.Ji, A. Pang, D. Robertson, sjb
Choi, Ji
16mCray(Qy)
(1=x)(1-y)Q?

1 1
F Q%)= JO dx ¢ (x) JO dy$(y)

0.6 , :
0.5 | |
04 F 1 T | 1
PEQ@) a1 I% E l |
(Gev?) N _II 2 4 J - o(x, Q) ox \/x(l — )
0.1 —II — | Pasymptotic X T (1—x)
% . ] ; . ., Normalized to fr

Q* (GeV?)
Increases PQCD leading twist prediction for
AdS/CFT:
Fr(Q?) by factor 16/9
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AdS/CFT Prediction for Mesow LFWF

G. de Teramond
SJB

I;:";'ooO‘ SN
20,2090 0005 I
CHRSSSRIRN
o,%,o‘o.o‘o‘g\ .
S N
RN RN
:\“\?\“‘\\\\\\\\‘\‘\ 2 0“‘\‘“\\“\\

. Q
e IR
y(x,8) R
KRR
oSS AN

2-2006
8721A14™

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 |\/z(1 — z).
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String Theory

* Mapping of Poincawe’ and
Adﬁ/CFT Conformal SO (4,2) symwmetries of 3

+1 space
Goal: Furst Approximant to-QCD for AdSS space
SO A 7 ALY Conformal behavior at short
Exclusive Scattering distonces
Regge Trajectoriey AdS(QCD + Confinement at lawge
QCD at the Amplitude Level Listoncer

Semi-Classical QCD / Wave Equations

Holography
Boost Inwariont 3+1 Light-Front Wave Equations
J=0,1,1/2,3/2 plus L Integrable!

Hadrow Spectra, Wawefunctions, Dynamics

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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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

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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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

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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Heavy quark production: J/W¥

Why heavy quark and J/¥?

 Minimize Collins’ effects

— J/Y¥ production dominated by gluon
gluon fusion at RHIC energy

Pythia 6.1 simulation
cc: gg—=>cc 95%
bb: gg —bb 85%

— gluon has zero transversity

* A golden channel for gluon Sivers ha

function

Wrong predictions at large xr 1.

08/02/2007 Spin2007 Ming X. Liu

P S [ 4
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o
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Hoyer, Peterson, Sakai, sjb

Intrinsic Heawvy -Quawk Fock States
: ‘Q{aé N

. C
A — VR
* Rigorous prediction of QCD, OPE : Zé S
B 5
¢ (ColorOctet Color-Octet Fock State! 22005 / G
g 1
* Probability Fpg M—é Poood ™~ O‘EPQQ Py 22 176

* Large Effect at high x

* Greatly increases kinematics of colliders such as Higgs production

(Kopeliovich, Schmidt, Soffer, sjb)

* Severely underestimated in conventional parameterizations of
heavy quark distributions (Pumplin, Tung)

* Many empirical tests

PACSPINo7 Hadronic Spin Physics & AdS/QCD
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o 3 Measurement of Chowrmy
- 2 -
; ; Structure Function
N E": PR ) “1 1.1 Aubert et al. [European Muon Collaboration], “Pro-

1 duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

PGF +IC+ICR

] First Evidence for
[ Intrinsic Charm

.
IC+ICR , ¢
- "‘-.." F

A s
/ .«fjr
I
a3l : 29
VE gt \\ o/ " .
C ;'I ; {31”[*imuﬁct0rof30 ! v*
& : ]
o d
[
4 \
I -
C
u
u
d

e A E ‘
_r'f b { PGF \ | P

1 1

N \

10 1 1 1 1
X 03 0.4

DGLAP / Photon-Gluon Fusion: factor of 30 too small

YYVYYVYY
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Hoyer, Peterson, Sakai, sjb

u B luudcc > Fluctuatlon in Proton
[ \ i "LLF@ C QCD: Probablhty QCD
R
Py Bl ¢ - lete” ("¢~ > Fluctuation in Positroniun
I, &Ba G QED: Probability %
\ s
G OPE derivation - M.Polyakov et al.
a3 F2,
< P| 2 cc¢ in Color Octet
Distribution peaks at equal rapidity (velocity) T; — Z?T%Lj

Therefore heavy particles carry the largest mo-
mentum fractions

High v charm/! Chawrmv at Thweshold

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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800 GeV p-A (FNAL) o,=0c,*A® M. Leitch

PRL 84, 3256 (2000); PRL 72, 2542 (1994)

i  open charm: no A-dep |
1.0 | at mid-rapidity - dCIJF (pA — J/wX)
09 | EE T %E i
| Eﬁ I Remawkably Strong Nuclear
0s | == | Dependence for Fast Charmoniuw
: lJf.lII - I——
-g (E789) e
07 | - -
EB66/NuSea I Violation of PQCD Factorigation
BOD GeV p + A —» Jy '
06 L B
00 02 04 0B 08 1.0
XF - X1 -X2

Violation of factorization in charm hadroproduction.

P. Hoyer, M. Vanttinen (Helsinki U.) , U. Sukhatme (lllinois U., Chicago) . HU-TFT-90-14, May 1990. 7pp.
Published in Phys.Lett.B246:217-220,1990

IC Explains large excess of quarkonia at large xr, A-dependence
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e EMC data: ¢(z,Q?) > 30 x DGLAP
Q2 =75 GeV?2, r = 0.42

e High zp pp — J/9v X

o High zp pp — J/pJ /X
e High xr pp — AcX

e High zp pp — Ny X

e High zp pp — =(ced) X (SELEX)
IC Structure Function: Critical Measurement for COMPASS

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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Intrinsic Chowrm Mechanism for Inclusive
High-Xr Quawrkonivwm Production

pp — J/PpX

S/

p

Goldhaber, Kopeliovich, Softer, Schmidt, sjb

Quarkonia can have 80% of Proton Momentum!

Color-octet 1C interacts at front surface of nucleus

IC can explains large excess of quarkonia at large xr, A-dependence
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Leading Hadronw Production
from Intrinsic Chawrmw

u c

c \ u
3 e na L ‘:?dlzo‘“
T [ i
€ u
 x <@

Coalescence of Comoving Charm and Valence Quarks
Produce J /¢, A. and other Charm Hadrons at High xz
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Intrinsic Chawrm Mechanism for Inclusive
High-Xr Higgs Production

>
>

— >

c e—> H

y
C \\5
< )
<

< %

pp — HX

Goldhaber, Kopeliovich, Schmidyt, sjb

Also: intrinsic bottom, top

Higgs can have 80% of Proton Momentum!

New seawchv strategy for Higgs

PACSPINo7y Hadronic Spin Physics & AdS/QCD

August 2, 2007 106 Stan Brodsky, SLAC

106




Intrinsic Bottom Contribution to-Inclusive
Higgs Production

d
50 - dz (PP — HX)[fO]
40 -
— LHC :v/s = 14TeV
O
G 30 4
L
X
2
B 20-
© Tevatron :y/s = 2TeV
10 -
O'I—/'I'I'I'I'I'I'I'\I'l
0,78 080 082 084 086 088 090 092 094 096 0,98
Xe Goldhaber, Kopeliovich, Schmidyt, sjb
preliminary
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Use extreme caution when using

Yg — CC Or gg — CC
to tag gluon dynamics

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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contabrige  ElAstic Scattering

I i 1 T

Low-E pp. pd at AD 5| o Ghterund

Polarization build-up studies 4} T=10.85 GeV

High-t pp from ZGS, AGS m i
Spin-dependence at large-P, (90°,,): ﬁ{“)g i
Hard scattering takes place
only with spins 11.

] Cwha o,
Similar studies in pp 1 "n;‘" A
elastic scattering 1 zl’z[ﬁiw c]24 3

D.G. Crabb et al.,
PRL 41, 1257 (1978)
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A. Krisch, Sci. Am. 257 (1987)
"The results challenge the prevailing theory that

“E xC lu sive/ describes the proton's structure and forces”
Transversity” 6

(44

F-3

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

[

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

ha

Coincidence?: Quenching of Color
Transparency

Coincidence?: Chawmwv and
Strangeness Thresholds

ENERGY-TRANSFER VARIABLE p T

PACSPINo7 Hadronic Spin Physics & AdS/QCD
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Constituent Coumnting Rules

F(QCm) s = Egm

do _
A >O/ ¢ w5t = o2
B TT—p

F(Q?) ~ [

Ntot =NA+npg+nc+np .
Farrar & sjb; Matveev, Muradyan,

Fixed t/s or cosOcm Tavkhelidze

Conformal symmetry and PQCD predict leading-twist
scaling behawior of fixed-CM angle exclusive amplitudes

Chavacteristic scale of QCD: 300 MeV

Mowvwy new J-PARC, GSI, J-Lab, Belle, Babawr testy

PACSPINo7y Hadronic Spin Physics & AdS/QCD
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Quauk-Counting : 92 (pp — pp) = £ n=4x3-2=10

10_30__ 1 1 1 1 | L L 1 1 I | | L L I 1 | | L _.llo-an
o 0 68°
10 |- 80 s 10
10-32}- 10 Best Fi€
10-3 103 n — 97 :l: 05
Cm? l
110
050l S Reflects
ol lo»  underlying
50 4
conformal
10-32_ 35 _10-32
scale-free
10-33}- 1030 . .
interactions
10—33, ] I | L4 11 | 1 L 1 11 1 | 1 L i 11 10—]{.
s=15 20 3040 60 80 s»15 20 3040 60 80 s»i5 20 30 40 60 80
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PHYSICAL REVIEW C 70, 015208 (2004)

Nuclear transparency in 90:_m. quasielastic A(p,2p) reactions

J. Aclander,7 J. Alstelr,7 G. Asryan,"”< Y. Averiche,5 D. S. Barton,] V. Batu1rin,2’T N. Buktoyarova,w G. Bunce,1
A.S. Carroll,l’;t N. Christensen,3'§ H. Courant,3 S. Durlrant,2 G. Fang,3 K. Gabriel,2 S Gushue,1 K. J. Heller,3 S. Heppelmann,2
I. Kosonovsky,” A. Leksanov,” Y. I. Makdisi,' A. Malki,” I. Mardor,” Y. Mardor,” M. L. Marshak,> D. Martel,*
E. Minina,2 E. Minor,2 1. Navon,7 H. Nicholson,8 A. Ogawa,2 Y. Panebratsev,5 E. Piasetzky,7 T. Roser,1 J. I Russell,4
A. Schetkovsky,” S. Shimanskiy,5 M. A. Shupe,3’” S. Sutton,8 M. Tanaka,l"‘J A. Tang,(’ I. Tsetkov,5 J. Watson,6 C. White,3
J-Y. Wu,2 and D. Zhalov®
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Eva A Bunce, Carroll,

Experiment A - T—Heppelman...
BNL

06

04/

16 14 12 10

eff (Ge V/c) Rapld Angular Variation!
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* New QCD physics in proton-proton elastic
scattering at the charm threshold

* Anomalously large charm photoproduction at

threshold?

* QOctoquark resonances’
* Color Transparency disappears at charm threshold

* Huge transversity correlation at charm threshold
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pp — (ccuuduud) — pp

Strong distortion, resonance phenomena at threshold

D
C |C
\>
—]

YV VY VY
D
©
\'4

c Cc g /Sthreshold =~ 3 + 2 =5 GeV, piap ~ 12 GeV

+
,2° %% (ccuuduud) S-wave resonance, odd parity
N
? > > Ayny =11 — L =S=1
D \/} d \ / . \ \j NN or J S
% Tl
p'p' only
QCD Interf ith PQCD k-1 h litud
Schwinger-So erfeld nterferes wit Q quark-interchange amplitude
Enhancement at Heavy Test at /5 = 3,5,12 QeV, O = 7/2
Quark Threshold
Hebecker, Kuhn, sjb o(pp — ¢X) >~ 1 ub near charm threshold

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

Open Charm

pp — Ac(cud) DO (cu)p

p

Ne(cud).

Total open charm cross section at threshold

o(pp — cX) ~ 1ub p DO (u)

needed to explain Krisch Apnpn

Compare with strangeness channels p A(sud)
pp — A(sud) KT (5u)p D
p Kt (5u)
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Lu, Kataev, Gabadadze, Sjb

Generalized Crewther Relation

[1 : (XR7(TS*)][1 Oég]_(q2>] — 1

T
vV s* ~ 0.520Q)

Conformald relatiow true to- all ovders inv
perturbation theory

No-radiative covrections to- axiod anomaly

Nonconformal terms set relative scales (BLM)
Analytic matching at quark thresholds
No renormalization scale ambiguity!
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Anti-Shadowing

1.2
| © EMC » E136 -

LU o NMe « E665 ©
= a1 /ﬁ-ie
= j g \
S . 4 , Y
~ «0.9- ~i )
SRS O b

0.8

0.7

Q%= 5 GeV?

0.001 0.01

Shadowing
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X
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T
0°1 M. Hirai, S. Kumano and T. H. Nagai,
“Nuclear parton distribution functions
and their uncertainties,”
Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].
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Stodolsky
Pumplin, sjb
Gribov

Nuclear Shadowing inv QCD

Shadowing depends on understanding leading twist-
diffraction in DIS

Nuclear Shadowing not included in nuclear LFWEF !

Dynamical effect due to virtual photon interacting in
nucleus
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s . twist-diffraction in DIS

P ' P

Integration over on-shell domain produces phase i

Need Imaginary Phase to Generate Pomeron.,

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

Physics of FSI not inv Wawefunctiow of Tawrget
Antishadowing (Reggeow exchange) is not

universol!

PACSPINo7 Hadronic Spin Physics & AdS/QCD
August 2, 2007 12X

Stan Brodsky, SLAC

121




New physics at high x g
Direct subbprocesses
Dominance of higher-twist subprocesses in some domains

Reggeonw (nudliquark) exchange inv
botiv exclusive and, inclusive reactions

Intrinsic Heavy Quoawks
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Why such large neutron asymmetries?

A, is produced via interference of spin

non-flip and spin-flip amplitudes
In Regge theory

-- A spin non-flip amplitude contribution can

be described due to Reggeon and
Pomeron exchange

exchange amplitude

August 2, 2007

- We need spin-flip amplitude —> one pion

123

Eur.Phys.J.A7:109-119,2000

. 40 —
One pion exchange model (OPE) may sl hight-cone Rj, =02 GV
. L | =eeeemee cov-Regge RZ = 0.05 GeV'™
explain the result g 0 e e
£ st T
-- OPE has been used to describe exclusive ook #4}/’ \
diffractive neutron production s sb \
© b
-- The cross-section at ISR is well described "‘} 10 =
by Spln-fllp OPE ; [ pp—onX p=0 Vs =53GeV \
0.6 0.7 0.8 0.9 1
Xp
08/02/2007 Spin2007 Ming X. Liu 22

Ldail DIVUUBI&)’, O AU
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nt N — ut u- X at high xg

In the limit where (1-xp)Q? 1s fixed as Q? —

Entire pion wi

contributes to !

hard process W |
Virtual photon 1s
longitudinally

_ polarized
N = W

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

|

)

Pion appears directly in subprocess at large xr
AW of the piows momentuwm iy tranuferved to-the leptovw paiv
Lepton Pair is produced longitudinally polarized

PACSPIN ic Spi i
07 Hadronic Spin Physics & AdS/QCD Stan Brodsky, SLAC
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w N— M M ML ~“X at 80 GeV/c Dz'n]ect Sulbprol'ess Plredz'thz'on..
|2k
—gg o 1+}\00529+p sin26 COS¢+wSiH290052¢_ el l
; 0.4
do «x,|(1=x,)2(1+cos?9) + 4 {k7) sin%@
dx ,d cos@ 9 M?
A OfF
(k;-g) =0.62 +0.16 GeV?/c? il
Dramatic change inv il
angular distributionw at o
Wge/x/;: 0.4 05 06 ;).? 08 09
T
Example of a higher-twist Chlcago-Pr1nFeton
Collaboration

direct subprocess Phys.Rev.Lett.55:2649,1985
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Crucial Test of Leading -Twist QCD:
Scaling at fixed xr

E%(p]\f LX) = E(zp,0cm)

pgeff
Negr = 4
Bjorken scaling

Conformal scaling: neg = 2 Nactive - 4

Power increased by running coupling, DGLAP evolution.
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E;T(;(p]\f —X) =

F(CUT,QC’M)

pp — HX at high pT
Hadvow created from
Jjet fragmentation

Color Opaque

|

pgeff

Nactive = 4
Neff= 2Nactive ~ 4

Neff = 4
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Nactive = 4

Neff= 2Nactive ~ 4

Yl Neff= 4
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PQCD prediction. Modification of power fall-off due to-
DGLAP evolution and the Running Coupling

Neff
o Pirner, Raufeisen, sjb
5.75;
5.5; Ed_U( N X)) = F(CUTaGCM)
pN — 7 X) = —=2
5.25¢ d3p prf
5_
4.75| \ Nef ~ 4-5
4.5¢
4.25¢
5 10 15 20 Pr (GeV)

Key test of PQCD: power fall-off at fixed xr
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1
dO’(hahb — hX) — Z Ga/ha (xa)Gb/hb (%b)d$ad$b2—§ ’Aﬁ‘2 deDh/c(Zc>dZC.

abe

d’c(hqhy — hX)  F(y,xg)

E — .
dgp p;l’_’(yaxR)
n = 2Ngctive — 4, Pirner, Raufeisen, sjb
3 —
dlnEd O'(hCZZfSL(;) hX)

E

&3p Lot 27) " () (1)
R

Cr [PT dk? AC, . In(p2/A%.p)
E(pr) = — / —La, (k1) = —"In 2T A%CD '
T Jee ki Bo  In(kZ,/Aoep)

2
TR
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(s)"Ed’c/dp® (pbGeV *c?)
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\/EnE%(pp — vX) at fixed

LT

p+p collisions \s=20-1800GeV

® DO p+p \s=1800GeV
O CDF p+p \s=1800GeV
B UA2 p+p \s=630GeV
O UA1 p+p \s=630GeV
A UAT1 p+p \s=546GeV
A UA6 p+p \s=24.3GeV

p+p collisions \s=20-200GeV

¥ PHENIX-Run3 p+p \s=200GeV
¢ R806 p+p \s=63GeV

* R110 p+p \s=63GeV

b E706 p+p \s=38.7GeV
% E706 p+p \s=31.5GeV
+ UAG p+p \s=24.3GeV

X NA24 p+p \s=23.75GeV
- WA70 p+p \s=22.96GeV

—h

Tannenbaum

xt-scaling of
direct photon
production is

consistent with
PQCD
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Nefr

Ed—a(pp N HX) — F(CUT,@CM)

10_""I""I""I"'7IIIII

(L =

°f }%q ) {EZ(op — pX) = F(”];’gCM)
o g}?ﬁé@ﬂ :

| ] Protovv
B 1 production at
oL e ... 1 TRHMHIC for from

0 0.01 0.02 0.03 0.04 0.05 P P
. leading-twist

PACSPINo7y Hadronic Spin Physics & AdS/QCD

August 2, 2007 133 Stan Brodsky, SLAC

133




Edo HX) =
d3p (pp — )

F(CBT,QCM)

mn
ef ]
1p
| ] | | | ] ] ] T [ T | ]_T ] T [ I_] | }
B -1 end N
| x m . . § L & A P
12 o § 2% =¥ 3§ o*
" 1 4 FNAL
S el FNAL = 4’ FNAL 4 L 1 -
— ISR 4 + ISR -
é R I N N T G Pl O | I N T N T S
O 02z 04 06 08 02 04 06 08 .0 O 0.2 104 06 0.8 1.0
T xrr
10
3 d _ F(zp,000)
g L Eﬁ(pp — pX) = Z%QCM
RHIC

[ 0-5% +—e—
L 60-92% '._e_'

Degr
N
I
"ﬁ,_.q—e—i
K
—ae
|—e—|:l"
—e=e
—d—o

0 0.01

F(zp.,0
E% (pp — pX) = (5“7];8 C)
T

ISR/FNA consistent withh RHIC
at small xr
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pouticle ratio- changes withv centrality!

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: 1 e e*e’, quark jets, DELPHI
0.4[ 6 | .
: %%" + +* L <«— 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
Blankenbecler, Gunion, Sivers, sjb
P Berger, sjb
Hoyer, et al: Semi-Exclusive

C(Tal(.escence wu — pd
within hard
subprocess ¢p(21,22,23) x Njop
Small colov-singlet
Color Transparent
Minimald saoume-side
u — ... & < u W%/
g\" g
Collision cawvproduce 3 Nactive = 6 99 — Bq
collineowr quarks Neff= 2Nactive ~ 4
\/
(—1 Neg=8
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Light-Front Wawvefunctions

Fixed T=t+ z/c

pt = pO 4 pz

W (zi, ki A

Inwawiant under boosty! Indepe/mde/ntofPu
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Hadvronw Dynamics at the
Amplitude Level

* LFWFES are the universal hadronic amplitudes which
underlie structure functions, GPDs, exclusive processes,
distribution amplitudes, direct subprocesses,
hadronization.

* Relation of spin, momentum, and other distributions to
physics of the hadron itself.

* Connections between observables, orbital angular
momentum

* Role of FSI and ISIs—-Sivers effect
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