Direct Protonw Production

Nactive = O
do F(x, ,9)
L E — —p X) ~ L
| g5 PP =P X) o8

Explains “Baryon anomaly” at RHIC!

Sickles, sjb
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Particle ratio- changes witivcentrality!

Ratio

1.2}

1.8¢
1.6]
1471

1f
0.8
0.6]
0.4}
0.2/

proton/pion

Protons less absorbed
in nuclear collisions than pions
because of dominant.
color transparent bigher twist process

<« Central

m  Au+Au 0-10%
4o Au+Au 20-30%

e Au+Au 60-92%

* p+p, s =53 GeV, ISR
---- e'e, gluon jets, DELPHI
------ e*e, quark jets, DELPHI

<«— Peripheral

Toarwnenbaunn
BawyonwAnomaly:
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Bawyon cowv be made dirvectly within hawd subbrocess!

Bjorken

p Blankenbecler, Gunion, sjb
al Berger, sjb
- Hoyer, et al: Semi-Exclusive
C? (?scence wu — pd y
within hard
subprocess $p(21,22,73) < N3 Sickles; sjb
Small color-singlet
Color Trawnsparent
Minimal saume-side energy
u —>—=Q, | .0 < u
& 8 Baryon anomaly
Collision cav produce 3 Nactive = 6 qq — Bq
collinear quawrks Neff= 2Nactive ~ 4
- 8
= Neff=
d
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Anne Sickles

- 0.1
5 i _ 1 protonwtrigger:
2 i ® meson-meson, near side 1 id
S o008 ®  baryon-meson, near side _
E B O meson-meson, away side —~ Pm"d%%
= - 0] baryon-meson, away side 1 decs S
0.06 — + +__ centirality
i 0 }
0.04— " : + —
@ _
S b e
0.02 ¢ " a : % Cb_
B trigger: 2.5 <p_<4.0 GeV/c [I] i
0 _
- associated: 1.8 <p_<2.5 GeV/c }
| | | | I | | | | I | | | | I | | | | I 11 | | I | | | | I 11 | | I |

0 50 100 150 200 250 300 350

N
. . part
Proton production more dominated by

color-transparent direct high-n.g subprocesses
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Power-law exponent n(xr) for 7° and & 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+ includes protons
1 0 T I T I T I T I T I T I T I T | | | | | | T | T I

I | | | T
n(x,) for WT"'h l Cent_‘ral
- 01 0-10% -
— [160-80%

n(x,) for x°
o 0-10%
[] 60-80%

i

—_
-
X
c 9

8

] !
¥ ipheral

r~rr—rr>7r 17T T TT7
TR T IR (NI NI ST NI

2

| | | | | | | | | | | | | I | | )
0O 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

Protow power changes witihvcentrality !
Protow production dominated by
color-transparent direct high nes sulbbrocesses
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Particle ratio- changes witivcentrality!

Ratio

1.2}

1.8¢
1.6]
1471

1f
0.8
0.6]
0.4}
0.2/

proton/pion

Protons less absorbed
in nuclear collisions than pions
because of dominant.
color transparent bigher twist process

<« Central

m  Au+Au 0-10%
4o Au+Au 20-30%

e Au+Au 60-92%

* p+p, s =53 GeV, ISR
---- e'e, gluon jets, DELPHI
------ e*e, quark jets, DELPHI

<«— Peripheral

Toarwnenbaunn
BawyonwAnomaly:
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Lambda canv be made divectly within hawrd subbprocess

Anne Sickles, sjb

A
Coalescence ud — As
within hard
subprocess Small color-singlet
Color Trawmsparent
Minimal saume-side energy
u >4 e < d
g .""‘ g
. -6
s prod L o Nactive
away side Neff= 2Mactive ~ 4
\4
S Neff= 8
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Paul Sorensen

F A Central Au+Au: PHENIX A A Central Au+Au: STAR

. 4 * Central Au+Au: STAR 2 KO W 40%-60% central: STAR
S 1 ® p+p NSD: STAR S ® 200 GeV p+p: STAR
IS - 6*+6 — ggg: ARGUS R 0630 GeV p+p: UAT
°§ 0 e*+& — qg: ARGUS A
3 g
3 |
= A
= — '\
< 05 4
S
S +
3 +
m -

O | | | | |

0 2 8

Transverse Momentum p, (GeVic)
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BaryonwAnomady: Evidence for Direck,
Higher-Twist Subprocesses

e Explains anomalous power behavior at fixed xt

¢ Protons more likely to come from direct higher-twist
subprocess than pions

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

e Predicts increasing proton to pion ratio in central collisions

e Proton power n.g increases with centrality since leading
twist contribution absorbed

¢ Fewer same-side hadrons for proton trigger at high
centrality

o Exclusive-inclusive connection atxr=1

Anne Sickles, sjb
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Higher Twist al the LHC
® Fixed x1: powerful analysis of PQCD

® |nsensitive to modeling

® Higher twist terms energy efficient since no
wasted fragmentation energy

® Evaluate at minimal x; and x2 where structure
functions are maximal

® Higher Twist competitive despite faster fall-off
In pT

® Direct processes can confuse new physics
searches
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Isolated hadrons

Leading twist
Hadrons accompanied by a significant hadronic activity = inside jets
Higher twist
Color-singlet produced in the hard process = “isolated” hadrons

|dea: use isolation criteria to filter the leading twist component

E hadronic
511111

had ax __ h
£ < £ =t

for particles inside a cone

(n—=n,)+(@-¢,)? <R |E\

Consequence

Enhanced scaling exponent for isolated hadrons

h h

Nisolated > Ninclusive
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P,S.>= Y W, (xi, ki, i)k, A >
n=>3

suun over states withv n=3, 4, ...constituenty

The Light Front Fock State Wavefunctions

Yvy

¥, (x;, iy Ai)

are boost invariant; they are independent of the hadron’s energy )
and momentum P*. pA,_Q“W—

The light-cone momentum fraction

l

A

X —

p+_PO_|_Pz P

are boost invariant.

Yy

i
\

ikﬁ:fﬁ, ix,: 1, zn‘jc}:()i. i (\

YYVYY

Intrinsic heawvy quarvks || 5(z) # s(z)
c(x), b(x) at bigh x ! u(x) # d(z)

Mueller: gluon Fock states.sBFKL




10°

10

N eer/ 4

1

\ L 31(1C.1

\

A
PGF \

CR) :l
i

=

\ -

1

Measurement of Chawrmu
Structuwre Functiow

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

First Evidence for
Intrinsic Charm

Jactorof3o!

YYYYVYY

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

PHYSICAL REVIEW LETTERS 15 MAY 2009

PRL 102, 192002 (2009)

Measurement of y + b + X and v + ¢ + X Production Cross Sections
in pp Collisions at \/s = 1.96 TeV

18500, L =10f" |y < E yy* <0 AO’(pp — ’}/CX)
51.65— vy s 0 |y|<10 - Yy+b+X
Graf vebex PP 180V Ao (pp — vbX)
1 ;—-?— *- =% .4»-....;,-. L L ‘
08 *F 1
0.6 - —e— data/theory 3 Ratlo
- CTEQ6.6M PDF uncertainty [ o o o
04 -mmm ICBHPS / CTEQ6.6M insensitive to
0.2 = =mrere - IC sea-like / CTEQ6.6M -
- Scale uncertainty o . ) : : gluon PDF,
3 Y. . jet s Y, jet
: >0 g <0
3.5} ¥Zc+x - VY scales
3F :
2.5 — .
2f Signal for
E [} [}
15F - | significant IC
S D L e
05F 3
a0 60 80 100 120 140 40 60 80 100 120 140
p, (GeV)
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Fixed LF time

Protow Self Energy § 2 2\1/2
Intrinsic Heavy L@ X (mQ +k7) /
Quawks .

. Probability (QCD)
v
Collins, Ellis, Gunion, Mueller, sjb

M. Polyakov 131

Probability (QED) M4 M2



Hoyer, Peterson, Sakai, sjb

u B luudcc > Fluctuation in Proton
> 2
R = : -0 ~Abep
[ \ <’LLF{B c QCD: Probability 7
gd . R .. . .
2. C, leTe”¢74~ > Fluctuation in Positroniun
~ ~ 4
s 3G < QED: Probability %
14
b B 4 &
G OPE derivation - M .Polyakov et al.
G, F4
< p| m% lp>vs. < p|#?|p > cc in Color Octet
Distribution peaks at equal rapidity (velocity) Tr; = Z;L #Lj

Therefore heavy particles carry the largest mo-
mentum fractions

High v charm/! Chawrmv at Thwreshold

Action Principle: Minimum KE, maximal potential
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INTRINSIC CEEVROLETS AT THE SSC

Stanley J. Brodsky
Stanford Linear Accelerator Center, Stanford University, Stanford CA 94305

John C. Collins

Department of Physics, Illinois Institute of Technology, Chicago IL 606186
and
High Energy Physics Division, Argonne National Laboratory, Argonne IL 80439

Stephen D. Ellis

Department of Physics, FM-15, University of Washington, Seattle WA 98195

John F. Gunion
Department of Physics, University of California, Davis CA 95616

Alfred H. Mueller
Department of Physics, Columbia University, New York NY 10027

eff 1 g*Ne¢

ra 1
'CQCD — __FIWGFM B 1207.‘.2]\4622

w3

2Ne.
DoFuya D FH 40—

av bt ¢
1207T2M2F Ey F“fac—i—O(

4

Probability of Intrinsic Heavy vawké/ 1/M?g

Published in Snowmass Summer Study 1984 0227 (QCD184 S7: 1984)
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e EMC data: ¢(z,Q?) > 30 x DGLAP
Q2 =75 GeV?, £ = 0.42

e High zp pp — J/YX

o High zp pp — J/9pJ /X
e High zp pp — AcX

e High zp pp — Np X

e High xp pp — =(ced) X (SELEX)

IC Structure Function: Critical Measurement for EIC
Many interesting spin, charge asymmetry, spectator effects
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Leading Hadrow Production
fromv Intrinsic Chawrmy

u - \ C
C u
- - = >_O_>_J/\P . \:ﬁ_/\c
S 1 i
¢ u
- x <@

Coalescence of Comoving Charm and Valence Quarks
Produce J /vy, A. and other Charm Hadrons at High xr
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pp — Np(bud)B(bg) X at large xp

CERN-ISR R422 (Split Field Magnet), 1988/1991

140 280)
. Asociated e/ i Associated e~
a) N 400 b
120_ 240_ 1 : Ay
“ 100} Sy B
5;0 = 200 300+
@ Q
= =
S 80r 2 160+
E S
= =
2 200
£ 60F £ 120
g =
) o —
g E
S 40f S 80
l 100
20+ 40}
| “'J
inls—l 1 | 1 1 L | 1 D ! Al l | | 1 0, l
9 3.5 4.5 5.5 6.5 7.5 2 3 B 6 7 8 9 2

m [p(K '] (GeV/e*) m [(pK ' nwn] (GeV/c)

/\g — /\—C|_7T+7T_7T_
Il Nuovo Cimento 104, 1787

/\g — ,ODOﬂ'_
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Production of Two- Chawmoniov
al Highv xr

JY

oIlO 01O

1T

J/Y

X
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All events have z/, > 0.4 ! Excludes "color drag’ model

b.0— | T 100
R (a) TTN-*w‘/ B (b) N9 ST
o <
~ | ~
$25( 4 r 4 503
5 :
© = -1 25
0.0}— | \
3 8r(c) pN-yy .
¥
o
3T ]
=
o a2k -
a, E
0.0 0.5 1.0 0.0 0.5 1.0
X Xy

Fig. 3. The ¢af pair distributions are shown in (a) and (c) for the
pion and proton projectiles. Similarly, the distributions of J/¢’s
from the pairs are shown in (b) and (d). Our calculations are
compared with the 77— N data at 150 and 280 GeV/c [1]. The
Xyop distributions are normalized to the number of pairs from both
pion beams (a) and the number of pairs from the 400 GeV proton
measurement (¢). The number of single J/i’s is twice the number

of pairs.
NA3 Data

A — J/yJ /yX

Intrinsic charm contribution to double quarkonium
hadroproduction *

R. Vogt?, S.J. Brodsky "

The probability distribution for a general n-parti
intrinsic ¢¢ Fock state as a function of x and k7
written as

dp;
H:l_,_l d.l'gdzkj:,'

(D iy kri)6(1 =30, xi)

(m% - Y e (m'x%,i/xf))i >

= Naat (Mg)
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10’k £ ppP—cX
]
§o ]
. T -1
_ \.\ Model similow to-
L a2
10 e 4 4
I E N Intrinsic Chawrmy
:_I B ;—"##F‘F
= [ 7N\
‘E' f/ \ -
S 10 Z_.r'f A active ¢ -
[ 1spectator ¢ : % 3
£ \, fusion Y
1 ' "._-. -
= \ ":._'.- _l
|D° 1 1 ] I T ] ] 1
0 0.2 0.4 0.6 0.8 1.0
X, |

V. D. Barger, F. Halzen and W. Y. Keung,
“The Central And Diffractive Components Of Charm Pro-

duction,’
Phys. Rev. D 25, 112 (1982).
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Production of o Double-Charm Baryov
SELEX highxy < zp >=0.33
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Doubly Charmed Baryons

BARYONS WITH LOWEST SPIN (J =15) BARYONEMWITHHISHEGT:ARTN (1<)

Q++
SELEX candidates o THREE CHARM QUARK
= =i SELEX
— e can(_ilﬁate
= oy
TWO CHARN QUARKS gg;gerv!ed = e dee uce ":CC TWO CHARM QUARKS
gg;gﬂed sce
+
Qcc -
dde u:itc uuc
dsc USC o
5 ssc +
=y A 2 S A S
A Kgaa wad a0 A
—Q dds uds
2_ E + ¥ Z?G uus ):+
T Ukl NO CHARM QUARK
dss NO CHARM QUARK = oo
f— = - 888
P .:', Q_

Jurgen Engelfried DCB
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=cc(3780)"" > ALK ot

N% " A K n* 1" ¥ Beam
E 10l peak: 3780 MeV/c?
§ ~ 5 binsig/bkg: 22/12
o Re'Analyzed Data & g | Gaussian significance: 6.30
P ReStriCt to z__Beam [ Poisson Prob.: <1.0x 107
- mixed event bkg
o Peak W|der than 6 I absolute normalization
Resolution
@ Half decay to =£,(3520)
@ Sitill working on Details :
03.4 3.5 3.6 3.7 3.8 3.9 4
M(A, K * i) GeV/c?
Jurgen Engelfried DCB 38/64
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Intrinsic Chawrm Mechanism for
Exclusive Diffraction Production

pp—J/Wpp
P
P - _
I XJjy = Ac T Xe
ZO
HO Exclusive Diffractive
High-Xr Higgs Production
1-2005 Kopeliovitch, Schmidt, Soffer, sjb
8711A84

Intrinsic cc pair formed in color octet 8¢ in pro-
ton wavefunction  Large Color Dipole
Collision produces color-singlet J/y through

color exchange RHIC Experiment
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Intrinsic Chowrm Mechanism for Inclusive
High-Xr Quawrkonivwm Production

pp — J/PpX

>

>
>

e— J/y

p

Goldhaber, Kopeliovich, Soffer, Schmidyt, sjb

Quarkonia can have 8$0% 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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Intrinvsic Chawmv Mechanism for Inclusive
High-Xr Higgs Production

>

.L\ge—> H

pp — HX

A4 O

p

Goldhaber, Kopeliovich, Schmidet, sjb

Also: intrinsic bottom, top

Higgs can have 80% of Proton Momentum!

New seawchv strategy for Higgs
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Intrivuic Bottom Contributionw to- Inclusive
Higgs Production

50 d‘fc—"F(pp — HX)[fb]

40 -

LHC :\/5 = 14TeV

w
o
|

do/dx_ [fb]

10

0'|/'|'|'|'|'|'|'|'\|'|
0,78 080 082 084 086 088 09 092 094 09 0,98

X Goldhaber, Kopeliovich, Schmidet, sjb
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800 GeV p-A (FNAL) ©,=0,*A® M. Leitch
PRL 84, 3256 (2000); PRL 72, 2542 (1994)

i ~ open charm: no A-dep |
1.0 1 at mid-rapidity . dazp (pA — J/¢X)
09 r E E —:ﬁﬁ 7]
o | iﬁ 1 Remawkably Strong Nuclear
aa L = | Dependence for Fast Charmoniuw
. lJ{w - E——
-g (E788) e
07 - -
EBB6/NUSea I Violationw of PQCD Factorigation
BOD GeV p + A —» Jy '
06 o
00 02 04 06 OB 10
)(F 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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Heavy Quawrk Anomalies

Nuclear dependence of J/v hadroproduction
Violates PQCD Factorization: A% (xp) not A%(xs)

Huge A?/3 effect at large xp
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J/y nuclear dependence vrs rapidity, XAy XF M.Leitch

PHENIX compared to lower energy measurements

JM s p e PHENIX Prelinsoacy JW s ' PHENIX Preliminary
1.1 v T T —
IE866: PRL 84, 3256 (2000)
NA3: ZP C20, 101 (1983)
1.0 1 %
: i i
| | 4 o 1 10 ¢ |
o _ L P
09 | 1L i | “Foogtorry | H
- e . L(’g e
o L o« )
2 09 | ' me
X pa | ...: -5
i % | : | effect
2 D
o7 | 08 v
OO/N, _
& NAZ (19 GeV) £ 2 .
06 ¢ | @ PHEND p'p (200 GeV) 1 ) E666 (38 GeV
B AMENIX & 0 GeV 0.7 NAD (19 GeV
@ PHENIX 1’} oV
B PHENIX e" e (200 GeV)
OB et o
X, .
06 -_——-— - - - - - - - - . ——d
0.0 02 0.4 0.6 0.8 1.0
Klein,Vogt, PRL 91:142301,2003 Xi,

Kopeliovich, NP A696:669,2001

Violates PQCD
factorigation!

Hoyer, Sukhatme, Vanttinen

dz(pA — J/9X)
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Kopeliovich, Schmidet,
Color-Opaque IC Fock state Soffer, sjb

interacty onw nucleow front surface

Scaktering o front-face nucleon produces color-singlet cc paiv

Octet-Octet IC Fock State No- absovption of

f=(PA — J/pX) = AP/3 x G2 (pN — J/¢X)

Missouri S&T Feb. 24, 2011 Novel Hadronw Phenomena Stan Brodsky, SLAC
150



TA — J/YPX

o~
1

1] Q% 1]

05 |
0 ¥ o
" 0. 020 0.4 0.6 0.8 OXI
n 200 GeV/c F
— 45
2
& I
x 35 pA — J/YX
8.1
S 25 |
2. }
1.5 % *
.k +
05 |- + t + ‘
| + |

p 200 GeV/c

A2/3 component

J. Badier et al, NA3

d _ A1d 2 /34023
ﬁ(pA—N]/iPX)—A ﬁ-l-A / —dxlé

Excess beyond conventional PQCD subprocesses
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e IC Explains Anomalous a(xzr) not a(xs)
dependence of pA — J/¥X
(Mueller, Gunion, Tang, SJB)

e Color Octet IC Explains A2/3 behavior at
high zrz (NA3, Fermilab) Color Opaqueness
(Kopeliovitch, Schmidt, Soffer, SJB)

e IC Explains J/¢ — pm puzzle
(Karliner, SJB)

e IC |leads to new effects in B decay
(Gardner, SJB)

Higgs production at xr = 0.8
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Why s Intrinsic Chowmv Imporvtont for Flovor Physics?
® New perspective on fundamental nonperturbative hadron
structure

® Charm structure function at high x
® Dominates high xr charm and charmonium production

® Hadroproduction of new heavy quark states such as ccu, ced

at high XF

® Intrinsic charm -- long distance contribution to penguin
mechanisms for weak decay

® Novel Nuclear Effects from color structure of IC, Heavy Ion
Collisions

® New mechanisms for high xr Higgs hadroproduction
® Dynamics of b production: LHCb

® Fixed target program at LHC: produce bbb states
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Light-Front Wawvefunctions

Dirac’s Front Form: Fixedt=17+z/c

1) X, ky) &

Inwowiant under boosts.  Independent of P
HEp [y >= MP|y >

Direct conmnection to-QCD Lagrangiowv
Remowkalble new insighty fromAdS/CFT,
the duality between conformal freld theory
and Anti-de Sitter Space
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QCD and the LF Hadvron Wavefunctions

_ Initial and Final State
0 AdS/QCD : Rescattering
LIght-Fl’Ol’lt Holography DD'S, DD'S, T-Odd
LF Schrodinger Eqn

Baryon Excitations

Non-Universal
Antishadowing

Heavy Quark Fock States
Intrinsic Charm

P

W (24, k3, Mi)

Coordinate space ( ) P
representation

Hard Exclusive Amplitudes
Form Factors
Counting Rules

Distribution amplitude
ERBL Evolution

J=o Fixed Pole pr( 17'1727Q2)

Nuclear Modifications
Baryon Anomaly
Color Transparency

Baryon Decay

Hadronizationiat

Amplicaaenevel
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Good/ anv analytic first approximation to- QCD

As Simple as Schrédinger Theory in Atomic Physics

e Relativistic, Frame-Independent, Color-
Confining

e QCD Coupling at all scales
e Hadron Spectroscopy
¢ Light-Front Wavefunctions

e Form Factors, Hadronic Observables, Constituent
Counting Rules

¢ Insightinto QCD Condensates

¢ Systematically improvable

de Teramond, Deur, Shrock, Roberts, Tandy
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L l:g/l/\t' F ot Q CD Heisenberg Matrix

Formulation

LQCD HQCD Physical gauge: AT =0

o m- + ki t ” "
HYS + H} ‘
Z[ T ] = o | k,A
i L ANV
HY mt Matrix in Fock Space W e
(b)
CD p,s p.s
HYE P |y >= M2 |0y, > B
Eigerwalues and Eigensolutions give Hadrow ) © )

Spectrum and Light-Front wawvefunctions
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Applications of AAS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter
Spacetime

AdS
Boundary
Changes in
physical
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond
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o Light-Front Holography

0.15

Wiz, k14, )

o Light Front Wawvefunctions: 0
Schrodinger Wavefunctions
of Hadron Physics K1 (Gev) *
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String Theory

+ Mapping of Poincare and
AM/CFT Conformal SO (4,2) symwmetiries of 3+1

space
Goal: First Approximant to-QCD to- AdSS5 space
Counting rules for Hawrd Exclusive
Scaktering Conformal behowior at shovt
Regge Trajectories distances
Ad/S/QCD + Confinement at lawrge distance
QCD at the Amplitude Level

Semi-Classical QCD / Wave Equations

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

Hadvrow Spectra, Wawvefunctions, Dynamics
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LF(3+1) AdSs

(x5, ) - B(2)

¢ = W(l —1)p?  ——

b(,5,) |5,
(1—=)

P(z,¢) = Vol — ) 26(C)

Light-Front Holograbhy: Unique mapping derived fromw
equality of LF and AdS formuda for cuwrrent matrix elementy
Missouri S&T Feb. 24, 2011 Novel Hadvon Phenomena Stan Brodsky, SLAC
1061




Light-Front Holography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic LF radial equatiov Frame Independent
> 1—4L7 )
[ dCQ | 4(2 | U(C)} ¢(C) = M ¢(C)

(2 =z(1— a:)bi

2
(1-2)

soft wall
U(C) — /{4<2 confining potential:

G. de Teramond, sjb
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Light-Front Holography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic LF radial equatiov Frame Independent

L+ V(O (0 = M?6(0)

G. de Teramond, sjb

(2 =z(1 — az)bi

Effective conformal 1 —4L7?
potential: V(¢) = 4C2 FHOVCRRE

4 -2 L _
+K C confuning potential.
Missouri S&T Feb. 24,2011 Novel Hadvonw Phenomena  Stan Brodsky, SLAC
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H Q ED QED aloms: positroniam

l ands muonium
(Ho + Hipy) |U >=FE |U > Coupled Fock states
A? -»l
[— o T Ver (S, 7)] ¥(7) = E (7) Effective two-pawticle equation
red l Includes Lamb Shift, quantum corrections
1 d? 1 L(+1)

[ + Vo (1, S, 0)] (1) = E (r) Spherical Basis T, 0, @

2Myred AT%  2Mypeq T2

Y Coulomb- potential
Verr = Vo(r) = —— ’
Bohr Spectrum
Semiclassical furst approximation to- QED 164



HEE OCD QCD Mesow Spectirum

(Hpp + Hp )|V >= M?|¥ > Coupled Fock states

[i%t”;) + V&'l vor(m, kL) = M? ¢rp(z, k1) Effective two-pawticle equation
l ¢? =x(l—x)b]
d>  —1+4L7? 0
U(C,S,L) =rk*C+rk*(L+S—1/2) Confining Ads/QCD

otential
Semiclassical furst approximation to- QCD P 165



2-2007 0
8721A20

Fig: Orbital and radial AdS modes in the soft wall model for Kk = 0.6 GeV .

2-2007
8721A21 z

T ' T
@ S =0
—~~ 4_
N> n, (1670)
()]
G |
S b, (1235)
S ol 1
mt (140)
0 |

" S =0

n (1800)
[ ]

8-2007
8694A19

Light meson orbital (a) and radial (b) spectrum for kK = 0.6 GeV.

Soft Wall

Model
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Higher Spin Bosonic Modes SW Soft-wall model

e Effective LF Schrodinger wave equation

d2 1 — 4L2 4 2 2 2
3T g2 TR F2N(LES-1)) ds(z) = MTos(2)
with eigenvalues M? = 2x%(2n + 2L + 9). Same é’LOP?/ invvand L

e Compare with Nambu string result (rotating flux tube): M?2(L) = 270 (n+ L +1/2).

I ' I I ' ' |
f, (2050)

' I [
@ S =1 a 040 o S =1

o
\V)
N
o_

5-2006
8694A20 L

| 1

2 4
n

Vector mesons orbital (a) and radial (b) spectrum for k = 0.54 GeV.

e Glueballs in the bottom-up approach: (HW) Boschi-Filho, Braga and Carrion (2005); (SW) Colangelo,
De Facio, Jugeau and Nicotri( 2007).
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Spwcebk@pwwformfwotor ﬁmAdé/CFT

| Data Compilation
| Baldini, Kloe and Volmer

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

Omne parameter - set by pion decay constant.
p VP ) de Teramond, sjb

See also: Radyushkin
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Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

e We write the Dirac equation
(all(¢) — M) () =0,

in terms of the matrix-valued operator 11 v=14+1

|
TIV(C)i(ddC 2275%&2@5),

and its adjoint HT, with commutation relations
2v + 1
@] = (25 - 2 ) s

e Solutions to the Dirac equation

e Eigenvalues
M? = 4r*(n+ v +1).
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e Baryon: twist-dimension3+ L (v =L + 1)

Ostp =¥Dyy, ... DDy, ... Dy yh, L= 4

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

N(2220)

N{1720)
N{1680)

N{940)
0 1 2 3 4 5 6

Proton Regge Trajectory k = 0.49GeV
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3
* A spectrum identical to Forkel and Klempt, Phys. Lett. B 679, 77 (2009)

4rk2 for An = 1

4k for AL = 1
262 for AS = 1
n=3 n=2 n=1 n=>0

A(1950)
A(1905)

A(1920)
- A(1600) A(1910)
A(1232)
" OI " " " " lI " " " " é " " " " 3l " " " " ; "

N(1710) N(1680)
5[ N(1720)
N(1440)
I 1
N(940)
0 1 1 1
0 1 2 3 4

Parent and daughter 56 Regge trajectories for the /N and A baryon families for k = 0.5 GeV
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A o’

112"
+
M? (GeV?) A, (2950
8 5/2+ 9/2_ 15/2 ( )
A7,,+(2390) 11/2”
Ay,,+(2300)
N=0 A44/2%(2420) . .
6 L A1/2+(1 91 0) A5/2_(2223) 5/2+ 9/2”
i 7/2 -
—> A,,*(1920) A;,~(2200) . 1172
Ag»*(1905) oz A,5,"(2750)
A72+(1950) N 32" e
A4,,~(1700) N 3/; 200 o N=1
+
A,,-(1900) 512 7(/2+ ) A,,-(2400)
A,*(1232) Ay ,(1940) €—
2 A, ,+(1750) A,-(1930)
A4,,*(1600)
L+N
1 1 1 1 1 1 1 >
L 0 1 2 3 4 5 6

E. Klempt et al.: A" resonances, quark models, chiral symmetry and AdS/QCD

H. Forkel, M. Beyer and T. Frederico, JHEP 0707 (2007)
077.

H. Forkel, M. Beyer and T. Frederico, Int. J. Mod. Phys.
E 16 (2007) 2794.
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Other Applications of Light-Front Holography

e Light baryon spectrum
e Light meson spectrum

e Nucleon form-factors: space-like region

e Pion form-factors: space and time-like regions

e Gravitational form factors of composite hadronss 0 10 20 30

) ) 8757A2 Q? (GeVz)
e n-parton holographic mapping

e Heavy flavor mesons

hep-th/0501022

13; hep-ph/0602252
ES arXiv:0707.3859
arXiv:0802.0514
arXiv:0804.0452

Missouri S&T Feb. 24, 2011 Novel Hadronw Phenomena Stan Brodsky, SLAC
173



Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fo(Q) = g. / a¢ J(Q, O+ ()2,

2 2
FAQ) = g [ dCIQON- ()
where the effective charges g4+ 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 14 (() and ¥_ ({) correspond
to nucleons with J* = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry
FQ) = [ @01+,

F@Q) = - / 4¢ J(Q, ¢) [0+ (O = [9— (O]

where F7'(0) = 1, F{*(0) = 0.
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e Scaling behavior for large Q?: Q*FT(Q?) — constant | Proton 7 = 3

9-2007
8757A2 Q? (G 9V2)

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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e Scaling behavior for large Q%: Q*F!*(Q?*) — constant

Neutron 7 = 3

< -0.
O
)
Y -0.
fl_1—
-
d -0.
04 A TR B
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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