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Boer, Hwang, sjb
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DY cos 2¢ correlation at leading twist from double ISI
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Double Initial-State Interactions
generate anomalous cos2¢p. Boer, Hwang, sjb
Drell-Yan planar correlations
1d
- 4o X (1 + Acos® 0 + (4 sin 260 cos ¢ + Y sin? 90082¢)
o df) 2

PQCD Factorization Lam Tung): 1 — A — 2v = 0

x hit(m)hE(N)

b N — utTu=X NA1O

N |
0.4

e
L
xa
R
.

., Hard gl>on radiation.
0.15F

) | 0.35F
T 0.3F

% VAV v(QT), 55
0.21

0.1 o j Q = 8GeV-
— | —_ 0.05 1
P p | | IDoubI/e 1 SI. e
_ . 00 2 3 4 5 6 7 .8
Violates Lam-Tung relation! Qr
Model: Boer,
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Anomalous effect from Double ISI inv
Massive Lepton Productiovw

Boer, Hwang, sjb

COS 2¢ correlation P , P,
1 | A | |
* Leading Twist, valence quark dominated Qs X J\_1T
M oo
* Violates Lam-Tung Relation! 1o, [

2
* Not obtained from standard PQCD subprocess analysis

* Normalized to the square of the single spin asymmetry in semi-
inclusive DIS

* No polarization required

* Challenge to standard picture of PQCD Factorization

Manchester Light-Front Holography Stan Brodsky
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cos 2¢ correlation for quarkonium production at
leading twist from double ISI
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E ? “ua,, "'-.... C
IIIEI‘IIIIIIIIIIIII C
o >
P =
-

cos 2¢ correlation for quarkonium production at
leading twist from double ISI

Enhanced by gluon color charge

Manchester Light-Front Holography Stan Brodsky
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Problemv for factorigation whew botiv ISI and FSI occur
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Factorization is violated in production of high-transverse-momentum particles in
hadron-hadron collisions

John Collins, Jian-Wei Qiu . ANL-HEP-PR-07-25, May 2007.
e-Print: arXiv:0705.2141 [hep-ph]

#s—\ <t < *
N /
AN /
N
\ e N\
\ - Y /
N\ e S /
\é < N 3
7 ~N 7/ \
4 ~ A \
7 ~ 7/ «
/
Ve \
7 \
#r_l <F <% *

Implications for QCD at the LHC

The exchange of two extra gluons, as in this graph,
will tend to give non-factorization in unpolarized cross sec-
tions.
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* Although we know the QCD Lagrangian, we
have only begun to understand its remarkable
properties and features.

* Novel QCD Phenomena: hidden color, color

transparency, strangeness asymmetry, 1ntrinsic
charm, anomalous heavy quark phenomena,
anomalous spin effects, single-spin
asymmetries, odderon, diffractive deep
inelastic scattering, dangling gluons,

shadowing, antishadowing, QGP, CGC, ...

Trutiv iy stranger thaw fiction, but it iy
because Fictiow g obliged to- stick to-
possibilities: —Mawk Twainy

Manchester Light-Front Holography Stan Brodsky
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
BaryonwAnomaly: Particle ratio- changes withv centirality!

o 1.8 i proton/pion ] Protons less absorbed
® 1.6f 4 innuclear collisions than pions
oc - ]
1.4 :
; L <« Central
1.2 —
’ 3 - 0w  Au+Au 0-10%
i n ] A a  Au+Au 20-30%
0.8 [ N o e Au+Au 60-92%
T A * p+p, s =53 GeV, ISR
B T ] ---- e%*e, gluon jets, DELPHI
0'6: ------ e*e’, quark jets, DELPHI
0.4 :_ o _: °
: #%ﬁ +* T <«— Peripheral
0.2 —
0 [ |
0 1 2 3 4 Sickles, sjb
p; (GeV/c)
Manchester Light-Front Holography Stan Brodsky

August 5,2008 49 SLAC & IPPP
49



pp — HX at high pr
Protown created fromv
Jjet fragmentation

Color Opaque

u
‘ p
"/ Nactive = 4
N= 2MNactive -~ 4
| n=4
Jua
Manchester Light-Front Holography Stan Brodsky
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Crucial Test of Leading -Twist QCD:
Scaling at fixed xr

d __ F(xp,0
B4 (pN — 7X) = <p§€ )

Parton model: n.g =4

As fundamental as Bjorken scaling in DIS

Conformal scaling: neg = 2 Nactive = 4

Manchester Light-Front Holography Stan Brodsky
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QCD prediction: Modificatiow of power fall-off due to-
DGLAP evolution and the Running Coupling

Neff
o Pirner, Raufeisen, sjb
5.75;
5.5 2
dO' F(CBTaQCM) —ﬂ
5.25} E (pN_>7TX)_ pgeff T = \/g
5_
4.5
4.,25¢
5 10 15 20 Pr (GeV)

Key test of PQCD: power-low fall-off at fired xr

Manchester Light-Front Holography Stan Brodsky
August 5,2008 52 SLAC & IPPP

52



v

u

Nactive = 4
Neff= 2Nactive ~ 4

Neff= 4
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\/EnEjT(;(pp — ~vX) at fixed zp

p+p collisions \s=20-1800GeV

® DO p+p \s=1800GeV
O CDF p+p \s=1800GeV
B UA2 p+p \s=630GeV
O UAT1 p+p \s=630GeV
A UA1 p+p \s=546GeV
A UAG6 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
s E706 p+p \s=38.7GeV
% E706 p+p \s=31.5GeV
+ UAG6 p+p \s=24.3GeV
X NA24 p+p \s=23.75GeV
- WAT70 p+p \s=22.96GeV

Tannenbaum

Scaling of direct
photon
production
consistent with

PQCD

Stan Brodsky
SLAC & IPPP
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Protons produced in AuAu collisions at RHIC do not exhibit clear scaling properties in the

available pr range. Shown are data for central (0 — 5% ) and for peripheral (60 —90% ) collisions.

10 [ : : ! ! | ! ! ! ! | ! ! ! ! | ! ! ! | ! !
. . C . 0]
ntin i f with
8 1;» P ]
i : ﬂ L
@ 1% i} E
.......................... 4 ..u..................% eanhs ..........................................)_
n€ﬁ=4 ﬁ} ]
| B RHIC
2 ]
Y Yot [ 0-59% +—e—
Leading twist: | o092 | | |
0 0.01 0.02 0.03 0.04 0.05
d Flzp0om)
o _— rr,VCmM
EdTp(pN — pX) = neff
P
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p |
p
" Cleawr evidence
" f 1 for higher-twist

2 _/ 1 contributions

%[ rr = 2pr/V's i
0 | | 1 | 1

0] 0.2 04 0.6 0.8 1.O

Fermilab, ISR data
16 I I I
el ®7 o -
n 8 =
. o =
rr = 2pr/V/'s
0 | | |
o) 0.2 04 0.6 0.8
Manchester Light-Front Holography Stan Brodsky
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E;T(Tp(pp . HX) — F(zr,9cm)

n
el f
T
1 | 1 i | | i | T 1 T | [ T ! T P T [ | T 1 7T ] | | w
B x X + B = B we Ll ‘ |
BT L Lalehd T S 4 2 07 T "1 e .
2 AL 1 [ 1L '1';? 1 FNAL B
- ISR 4 I ISR 4 F J
81]11111]1 o FNAL G S T Y T
40 02 04 06 08 100 02 04 06 08 100 02|04 06 08 10
LT LT LT
10 L L R B [T
,[RHIC }3’ 1
[ : do _ F(zp,0cm)
_ _ S X) =
6 o {?} ! =5 d3p (pp = pX) p%z
- QM%?% \
4 1 4 d F(zp,0
: &%ﬁ ] EdTO(pp — pX) = (xT80M>
2 | ] v Pt
' 60-92% —o— f Trend consistent withv RHIC
0 P R SN TR AN TN S TR SN [N SN T S TR NS T SO SR T N T S W
0 0.01 0.02 0.03 0.04 0.05 at small xr
Manchester TT  sht-Front Holography Stan Brodsky
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n(x;)

vsyy = 130 and 200 GeV

O I I | I | I | I I I I ! I I I I I I I I I I I I I I I
o n(x,) for x° AL nex) for DAD Central
5 0-10% 1} 450-10% l :
| [160-80% |[ D 60-80% Ei; i ]
7_ T | —
5 H r - A
Al 1 1L Peripheral ]
3_ .y N —_
2 -k -
| | | | | | | | | | | | | I | | I | I | I | I | I | I | 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
XT X;
Proton power changes withvcentrality !
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Bawyow cowv be made divectly withvinw howd subbrocess

Bjorken

Coalescence P Blankenbecler, Gunion, sjb
R — Berger, sjb
within hard uu — pd Hoyer, et al: Semi-Exclusive
subprocess Siclles. ib
1
b ~y 1 ?bp(xla Lo, $3) X /\g?C’D ¢ es, S]
1 = / pPT
Small color-singlet
Color Transparent
Minimal same-side energy
u >, |- < u
g .”m g
Collision com produce 3 Nactive = 6
collinear quarks Neff= 2Nactive ~ 4
- 8
P Neff=
d
Manchester Light-Front Holography Stan Brodsky
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Bawyon made directly within hawrd subbprocess

Formatiow Time
propovtional to-Energy

Small color-singlet

Color Transparent
Minimal same-side energy
u u
uu — pd Nactive = O
Neff= 2Nactive - 4

M S

P Neff=

d

Manchester Light-Front Holography Stan Brodsky
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pawticle ratio- changes withy centrality!

Ratio

1.2}
1]
0.8/
0.6
0.4f

Manchester
August 5,2008

1.8¢
1.6}
1.4}

proton/pion

Protons less absorbed
in nuclear collisions than pions
because of dominant.

1 color transparent higher twist process

<« Central
O m Au+Au 0-10%
A Ao  Au+Au 20-30%
o e Au+Au 60-92%
* p+p, \s =53 GeV, ISR

---- e'¢e, gluon jets, DELPHI
------ e*e’, quark jets, DELPHI

<— Peripheral

Light-Front Holography Stan Brodsky
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s 0.1
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3 0.08
Q
S
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0.04
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0

- ® meson-meson, near side .
| ®m  baryon-meson, near side |
B O  meson-meson, away side =
i [J  baryon-meson, away side |
- . ® : + _
" O i
. 0 + )
g 9 ; 5 B g
= trigger: 2.5 <p_<4.0 GeV/c I -

L=

associated: 1.8 < p.< 2.5 GeV/c

0 50 100 150 200 250 300 350

art

N
Proton production more dominated by

Anne Sickles

protov
trigger:

# saume-side
pawticles
decreases with
centirality

<

color-transparent direct high-n.g subprocesses
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Paul Sorensen

]Z A Central Au+Au: PHENIX A A Central AutAu: STAR
" T * Central Au+Au: STAR 2 KO W 40%-60% central: STAR
O 1 ® p+p NSD: STAR - S ® 200 GeV p+p: STAR
5 =e'+e" — ggg: ARGUS A 0630 GeV p+p: UAT

O e'+e — gq: ARGUS
< 7 A A
Q) i
%
=
< 0
S
N
S
m -
O | 1 I 1
0 8
Transverse Momentum p, (GeVic)
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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+ includes protons
1 0 T T [ T [ T [ T T T T T l T l T | ! | 1 |

F b
n(x,) for % l Cent_{‘al
L 50-10% -
- [160-80%

n(x,) for x°
77 0-10%
[] 60-80%

i

_—
l—
X
c 9

T R s 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 productionw dominated by
colov-transpovent divect high neg subprocesses
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Lambda canv be made directly within howd subbrocess

A
Coalescence ud — As
within hard
subprocess Small color-singlet
Color Transparent
Minimal saume-side energy
u e < d
_ Nactive = O
S produced ow Sickles, sjb
away side Neff= 2Nactive ~ 4
S MNeg=8
Manchester Light-Front Holography Stan Brodsky
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BawryonwAnomaly:

Evidence for Direct, Higher-Twist Subprocesses

Explains anomalous power behavior at fixed xr

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

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

Predicts increasing proton to pion ratio in central collisions

Proton power neff increases with centrality since leading
twist contribution absorbed

Fewer same-side hadrons for proton trigger at high
centrality

Exclusive-inclusive connection at x1 = |

66



nt N — ut u- X at high xg

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

x —0
Entire pion wi
contributes to n
hard process N
U Virtual photon 1s
longitudinally

_ polarized
N = W

Berger, sjb
Khoze, Brandenburg, Muller, sjb
Hoyer Vanttinen

Manchester Light-Front Holography Stan Brodsky
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@ N — 77 * ML ~“X at 80 GeV/c Dz'n]ect Sulbprol'essl’lredz'cftz'on..

|2

do 2 . - 2

Pk 1 + A cos“0+psin26 cos¢ +w sin“@ cos2¢p. 0.8 ?
) 0.4t

o (k7)

4 ;
1—x.)2(1+cos?0) +— sin’6
dxﬂdcosﬂmx"( Hl (L Foos0) 9 M2 ] A ©O

ks
(k;-g) =0.62 +0.16 GeV?%/c?
| ~0.8F
Dramatic change inv il
angular distributionw at o
Wge/x/;: 0.4 05 06 ;).? 08 09 |
(A
Example of a higher-twist Chlcago-Pr1nFeton
di b Collaboration
SR p rocess Phys.Rev.Lett.55:2649,1985
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Role of higher twist inv howd inclusive reactions

¢ Hadron can be produced directly in hard subprocess as in
exclusive reactions

® Sum over reactions
® Trigger bias: No wasted same-side energy
® Exclusive - inclusive connection important at high xt

e Explanation of n.g= 8, 12 observed at ISR, Fermilab: Chicago-
Princeton experiments

® Direct Hadron Production -- color transparency and reduced
same side absorption

® Critical to plot data at fixed xt

® Interpretation of RHIC data is modified if higher twist
subprocesses play an important role
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QCD Lagrangiownv

ineti +
gluon dynamics quark kinetic energy mass term

\ guark-gluon dynamics /

nf nf
Laco = - 4_:_]2 (GG ) + Z iy D,y gy + Z M, s e
=

& ™ =

QCD color charge fiald str:; ngth tensor covariant derivative E:ILIEIrIFIt field
Yang-Milsy Gauge Principle: Dimensionless Coupling
Inwawionce under Color Renaenaaiie

Rotationw and Phase Change at

A totic F
Every Point of Space and Time symptotic Freedom

Color Confinement

Manchester Light-Front Holography Stan Brodsky
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L W~ FV ont Q CD Heisenberg Matrix

Formulation

D Physical gauge: AT =0
LRCD _, g
LF %%k/;
oco TR e F
Hy Z[ - li + Hip o
‘ A r\/\;/?/w
HYY: Matrix in Fock Space S
(b)
CD .S p,s
HESP |0y, >= M2|Uy, > =
Eigerwalues and Eigensolutions give Hadwons | o

Spectrum and Light-Front wawefunctions

DLCQ: Periodic BC in #—. Discrete k™ ; frame-independent truncation
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LIGHT-FRONT SCHRODINGER TEQUATION

. Ctegr | [ {a@lVied)  {qdlV ledg)
2 kii+m] _ _ _ _
M7=~ Yagorn | = | (q391V 199} (qqglV lqTg) ---
| } U == .g L'L-L_ LN E:
0= fo = | e ) 10m
i * ' . o . o |
AT =0 G.P. Lepage, sjb

Vog/x |

Vaig/n

Manchester Light-Front Holography Stan Brodsky
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Light-Front QCD QC D 5 H.C. Pauli & sjb
|\Ifh >= M ‘\Ifh > . )
Heisenberg Matrix Discretized Light-Cone
Formulation Quantization
kA 1 2 3 4 5 6 7 8 9 10 1 12 13
%\ n  Sector g g9 qqg qaqq gg94g qqg9 | qdqdg | 9dqdqy | 9999 qdg9gg | q4qdgg {qq4qdqdg|qdqaqdag
ps pvs 5 a9 . V\’E
(a)
3 g ~
P kA 4 qaaa 1
—— VS
A 5 999 '
’_\/W\/‘—»———— -
kA p,S
(b) 7 qiqig
8 qaqiad
5’5; _Ps 9 9999
§ 10 qdggg
— > 1 qagdgg
ko k,c
12 qaa43g
(c) o
13 q4q9qgqq

Eigenvalues and Eigensolutions give Hadron Spectrum and Light-Front wavefunctions
DLCQ: Frame-independent, No-fermiovw doubling; Minkowski Space

DLCQ: Periodic BC in z~. Discrete k™ ; frame-independent truncation



Gool;

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

* Analogous to the Schrodinger Theory for
Atomic Physics

o AdS/QCD Light-Front Holography

o Hadvronic Spectra and Light-Front
Wowefunctions

Manchester Light-Front Holography Stan Brodsky
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Conformal Theories avre 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

Manchester Light-Front Holography Stan Brodsky
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Scale Transformations

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

wwowrtoont measure

2
ds* = i (Nudatda” — dz?),—=—-—_——"

Z2

xt — Axt, z — Az, maps scale transformations into the holographic coordinate z.

AdS mode in 7 is the extension of the hadron wf into the fifth dimension.

Different values of z correspond to different scales at which the hadron is examined.

2

2 = \Na? 2> )z

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

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

Manchester
August 5,2008

Light-Front Holography
=0

Stan Brodsky
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Applications of AdS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter

\ Spacetime

AdS
Boundary
Changes in
physical
length scale
mapped to

evolution Iin the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond

Manchester Light-Front Holography Stan Brodsky
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