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QCD Myths

® Anti-Shadowing is Universal
® ]ISIand FSI are higher twist effects and universal

® High transverse momentum hadrons arise only
from jet fragmentation -- baryon anomaly!

® Heavy quarks arise only from gluon splitting
® Renormalization scale cannot be fixed

® (QCD condensates are vacuum effects

® Infrared Slavery

® Nuclei are composites of nucleons only

® Real part of DVCS arbitrary
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Deep Inelastic Electron-Protow Scattering
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Deep Inelastic Electron-Protow Scattering

Final-State QCD
Interaction

jet
Corwentional wisdow
Final-state interactions of struck quark conv be neglected
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Single-spin Leading Twist

asywunetries Sivers Effect
e Hwang,
> Schmidt, sjb
current

quark jet  Collins, Burkardt

. v c Ji, Yuan
i Sp-q X Pg
TEk : QCD S- and P-
Pseudo—- T-Odd d final state Coulomb Phases
interaction --Wilson Line

Se

spectator 7~ Leading-Twist
S Rescattering

proton

Light-Front Wavefuncti Violates pQCD
S and P- Waves factorizalion/
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Final-State Interactions Produce o Sohide. it
Pseudo T-Odd (Sivers Effect) Collins

e Leading-Twist Bjorken Scaling! -

iS'ﬁjetXé)

e Requires nonzero orbital angular momentum of quark

e Arises from the interference of Final-State QCD Coulomb phases in S- and P-

waves;
—
e Wilson line effect -- gauge independent >—
© current
. . quark jet
e Relate to the quark contribution to the target proton i

anomalous magnetic moment and final-state QCD phases

final state

e QCD phase at soft scale! interaction
e New window to QCD coupling and running gluon mass in the IR §5§$$°r>

11-2001

proton
8624A06

e QED S and P Coulomb phases infinite -- difference of phases finite!

e Alternate: Retarded and Advanced Gauge: Augmented LFWFs Pasquini, Xiao, Yuan, sjb

Mulders, Boer Qiu, Sterman
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a T-odd effect!
(also need L., # 0)

-TP

1‘:

HERMES coll., A. Airapetian et al., Phys. Rev. Lett. 94 (2005) 012002,

Sivers asymmetry from HERMES

TT

2 <Sin(¢ - ¢s)>

£ 0.15

0.1
0.05
0

-0.05
0.1

0.05
0
-0.05

b S

01 02 03
X

LBNL November 18, 2010

0.3 04 05 0.6

® First evidence for non-zero
Sivers function!

® = presence of non-zero quark
orbital angular momentum!

® Positive for ...
Consistent with zero for m ...

Gamberg: Hermes
data compatible with BHS
model

Schmidt, Lu: Hermes
charge pattern follow quark

2 contributions to anomalous
moment
Novel QCD Phenomena Stan Brodsky, SLAC
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Anomalous effect from Doulble ISI inv
Massive Lepton Production

Boer, Hwang, sjb

COs 2¢ correlation P, , P,
| o
PR S S
»J#.. _:dj 8 _)i . S
® Leading Twist, valence quark dominated M e O
® Violates Lam-Tung Relation! — —
R ; R

® 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
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Predict Opposite Sign SSA in DY |

Collins;
- Hwang,
- Schmidt. sjb

Ul

cl
D
+

>
PA >

§ingle Spin Asymmetry In the Drell Yan Process

Sp-P X gy

Quarks Interact in the Initial State

Interference of Coulomb Phases for § and P states

Produce Single Spin Asymmetry [Siver’s Effect]Proportional
to the Proton Anomalous Moment and 0.

Opposite Sign to DIS! No Factorization
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Collins;

Key QCD txperiment Hwang,

Schmidt. sjb

Measure single-spin asymmetry Ap P :
in Drell-Yan reactions

e+
Leading-twist Bjorken-scaling Ay \/\/YV\/\<
u

from S, P-wave o

cl

initial-state gluonic interactions .
P4 =
Predict: AN(DY) = —AN(DIS)
Opposite in sign!
ppy — (- X

S - q x p correlation

Novel QCD Phenomena Stan Brodsky, SLAC
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£, = @ Unpolarized
Distiribution

o~ - O~  BjswmRwe

h,. = @5 - Travnsversity
£ = é - @ Sivers Functiovv
T-Oodd:

Requive ISI or FSI
- @ _ @ Boer-Muldery
! Function
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Boer, Hwang, sjb

— >
P —> -
U e*
v
U e~
o >
P >

DY cos2¢correlation at leading twist from double ISI

oduct - e >
JZI@V&F% h%(xl D1 XNy (xo,k7)
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LBNL November 18, 2010

Drell-Yan angular distribution
Unpolariged DY

® Experimentally, a violation of the
Lam-Tung sum rule is observed by
sizeable cos2® moments

® Several model explanations

lepton plane (cim) ° hlgher tWISt

Lam — Tung SR: 1 — A =2v ® spin correlation due to non-triva

NLOpQCD: A~1u~0v=0 QCD vacuum

® Non-zero Boer Mulders function

1d 3 1
;d—g = ITNT3 (1 + A\cos®6 + psin20coseo + gsin2«9cos2gb)
Experiment: v >~ 0.6 B. Seitz

Novel QCD Phenomena Stan Brodsky, SLAC
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Double Initial- State Interactions

generate anomalous cos2¢ Boer, Hwang, sjb
Drell-Yan planar correlations
1d
ek X (1 + Acos® 0 + 1t sin 260 cos ¢ + Y sin? HCOSng)
o df) 2

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

s o hi(m)ht(N) L
P | P, TN — pTum X NA10_|_
[ | 0.4
-~ | 0.35
g U (QT)O o |
| 0.2 L
i | 0.15
=—> i —— 0.05
Violates Lam-Tung relation! Qr
Model: Boer,
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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LHC Experiment
Boer, Hwang, sjb

[
P — >

cl
¢))
+

DY cos 2¢ correlation at leading twist from double ISI

oduct - e >
JZI@V&FOM% h%(xl D1 XNy (xo,k7)

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
I5



Measurement of Angular Distributions of Drell-Yan Dimuons in p + d Interaction at
800 GeV/c
(FNAL E866/NuSea Collaboration)

e p+dat800GeVic

m v + W at 252 GeV/c o
s " + W at 194 GeV/c 1 Huge Effect in

-
-
.-
08 -
. o

| 1 7W — uTp~ X
0.6 - 7. -

. 1 Negligible Effect

04 |- T g

4 1

L1 1 1 I L1 1 | I L1 1 1 I L1 1 | I L1 1 1 I L1 1 1 I L1 1 | I L1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4

p; (GeV/c)

Parameter v vs. pr in the Collins-Soper frame for
three Drell-Yan measurements. Fits to the data using Eq. 3
and M¢c = 2.4 GeV/c” are also shown.
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Importont Corrections from Initial and Final State Corrections

s

-

VY )

Swvers & Colling Odd-T Spinv Effects, Co-planarity Corvrelations
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Problemv for factorigation whew bothv ISI and FSI occuwr
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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]
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/ \
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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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cos 2¢ correlation for quarkonium production at
leading twist from double ISI

Enhanced by gluon color charge

Novel QCD Phenomena Stan Brodsky, SLAC
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DDIS e X

gap

P P
# |n a large fraction (~ 10-15%) of DIS events, the proton
escapes Intact, keeping a large fraction of its initial

momentum

o This leaves a large rapidity gap between the proton and
the produced particles

#® The t-channel exchange must be color singlet — a
pomeron??

Diftractive Deep Inelastic Lepton-Proton
Scattering

Novel QCD Phenomena Stan Brodsky, SLAC
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Remowkable ob:ye/rvafww ow HE’{A

e ; G DOOB |
/ 0.15} + ZEUS }
2
\ Q [ ' ]
C.10¢ )
= L ! |
B 0.05} 4
M, S
0. 00 008 < e < 0.003 |
Xp 0.15} +
| 4
P O p 0.10} + T 'J
L i | ]
\ t J 0.05t ® + 1
V0T o0 40 B0 80 100
10% to-15% Qo (GEV]
OfDIS eventy Fraction r of events with a large rapidity gap,
awe nmax < 1.5, as a function of QI%A for two ranges of xpa. No
1 Ffi ouctive | acceptance corrections have been applied.
M. Derrick et al. [ZEUS Collaboration], Phys. Lett. B 315, 481 (1993).
y
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de Roeck

Diffractive Structure Function F81E

3'* xp 0,00

L

Large Rapidity G
. 5 rge Rapidity Gap

¢/
Diffractive inclusive cross section

A2 itS Sl

depdBdQ® . zQ°

FP(xp,.B3,Q*) = f(xzp)- - F)(B,Q%

FP®(zp, B, Q?)

extract DPDF and g (x) from scaling violation

Large kinematic domain 3 < ()* < 1600 GeV?
Precise measurements sys 5%, stat 5-20%
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Diffractive Deep Inelastic Scattering

Diffractive DIS ep — epX where there is a large rapidity gap and the target
nucleon remains intact probes the final state interaction of the scattered quark
with the spectator system via gluon exchange.

Diffractive DIS on nuclei eA — ¢’ AX and hard diffractive reactions such as
v*A — V' A can occur coherently leaving the nucleus intact.
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Final-State I nteractiov
Produces Diffractive DIS

Q / Quark Rescattering
-

Hoyer, Marchal, Peigne, Sannino, SJB (BHMPS)

Enberg, Hoyer, Ingelman, SJB

[>
§ é Hwang, Schmidt, SJB
C

pP =3

O]

1-2005
8711A18

Low-Nussinov model of Pomeron
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Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidity Gaps

: : T Y IA(x)-dx
x Wilson Line: w(y) /O dx e y(0)

Reproduces lab-frame color dipole approach

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Final State Interactions inv QCD

* *

/ g . / .
e S
> >
Feynman Gauge Light-Cone Gauge
Resuldl iy Gaunge Independent
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Predict: Reduced DDIS/DIS for Heavy Quawks

A b, = O(1/Mg)
q +=OLI1rLL BXg Higher Twist
Q - Diffraction Fraction
_ _ A2
/ 5 E (1 E)Xg aéé)DDI{S:S)*) ~ ]?%D
Xg j) ox~1 T } Rap Gap
\Y,

P’

See also: Bartels et al
Kopeliovitch, Schmidt, sjt
Reproduces lab-frame color dipole approach
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O

Integration over on-shell domain produces phase 1
Need Imaginary Phase to Generate Pomeron and DDIS

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

Physics of FSI not in Wawvefunctiow of Tawget

LBNL November 18, 2010 Novel QCDZ;’henomena Stan Brodsky, SLAC



Stodolsky
Pumplin, sjb

Nuclear Shadowing in QCD o

Shadowing depends onw understonding leading twist-diffraction in DIS

Nuclear Shadowing not included in nuclear LFWEF'!

Dynamical effect due to virtual photon interacting in nucleus

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Anti-Shadowing

1.2

| © EMC »+ E136
1.1-

* NMC <+ E665 ©
= a1 == /ﬁ-‘\i\‘
= A T
& f A »
O ~ (0.9- / b
= O b

0.8

Q=5 GeV?

0.7 —
0.001 0.01

Shadowing X

LBNL November 18, 2010
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]
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].

Stan Brodsky, SLAC



Anti-Shadowing

1.2

| © EMC »+ E136
1.1-

* NMC <+ E665 ©
= a1 == /ﬁ-‘\i\‘
= A T
& f A »
O ~ (0.9- / b
= O b

0.8

Q=5 GeV?

0.7 —
0.001 0.01

Shadowing X
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]
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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. The one-step and two-step processes in DIS
on a nucleus.

\\ q’
o

Coherence at small Bjorken zp :
1/Mzp =2v/Q? > L.

‘ \ 4
> A If the scattering on nucleon Ny is via pomeron
q exchange, the one-step and two-step ampli-
(b) \ > tudes are opposite in phase, thus diminishing

N1 0= the g flux reaching No.
IS
—— N

— Shadowing of the DIS nuclear structure
functions.

Observed HERA DDIS produces nuclear shadowing

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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1, Shadowing depends ov
leading-twist DDIS

Q|

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 in Wawefunctiow of Tawget
Antishadowing (Reggeow exchange) is not universal/

Schmidt, Yang, sjb
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. The one-step and two-step processes in DIS
on a nucleus.

\\ q’
g

Coherence at small Bjorken zp :
1/Mzp =2v/Q? > L.

| ’ Reggeon.

> A If the scattering on nucleon Nj is via peedaaaskadn
q exchange, the one-step and two-step ampli-

(b) \ > tudes are eeesise in phase, thus crimereisiere

W @@= the g flux reaching No. increasing
i /)/')<‘\
+ N,

— Anti- Shadowing of the DIS nuclear structure
functions.

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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—1 ]
Nown-singlet 10 10
R % Kuti-Weisskopf
regs behavior
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r Behaxvéor of
e;%m/ Lo Structure Functions
b 2p — F: 2n( ) 1/2

Antiquark interacts with target nucleus at

energy s oc -

Lhj

Regge contribution: ogzy ~ 5*R™1

Nonsinglet Kuti-Weisskoff F», — F»,, o< /xp; -
at small xy;.

Landshoff, Polkinghorne, Short

Shadowing of TGM produces shadowing of Close, Gunion, sjb
nuclear structure function. Schmidt, Yang, Lu, sjb
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Reggeon
Exchange

Phase of two-step amplitude relative to one
step:

\%(1-@) xiz\%(z’—l—l)
Constructive Interference
Depends on quark flavor!
Thus antishadowing is not universal

Different for couplings of v*, Z0, W=

Critical test: Tagged Drell-Yawn

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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. The one-step and two-step processes in DIS
on a nucleus.

\\ q’
g

Coherence at small Bjorken zp :
1/Mzp =2v/Q? > L.

| ’ Reggeon.

> A If the scattering on nucleon Nj is via peedaaaskadn
q exchange, the one-step and two-step ampli-

(b) \ > tudes are eeesise in phase, thus crimereisiere

W @@= the g flux reaching No. increasing
i /)/')<‘\
+ N,

— Anti- Shadowing of the DIS nuclear structure
functions.

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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137
1.2

1.1]

FzFe /F2D

0.9 |

0.8 f

“T07T00 02 03 04 05 06 07 08 09 1

X
Scheinbein, Yu, Keppel, Morfin, Olness; Owens
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1.25

- B E772 Drell-Yan :":--- Coester
1.2 I~ @ E906 Drell-Yan (Propgsed) Jung and Miller
- ----- Brown et al.
115 . —— Dieperink and
: Korpa (range)
1.1 |
@2105 — .-
s i
O | - O o—O
e B 141 +
PR
K .
0.95 F 44{.000 .
0.9 »
0.85
0.8 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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1.2

1.1

PVATE

0.9

0.8

1.3

0.8

Nuclear Antishadowing

Novel QCD Phenomena

e e T T e T LS R S T T

(a)

W

10 2 10"
X

oli

W*—Current

u

(c)

\\\‘\\\[\\\‘\\\‘\\\

W

1

1072 107

|
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(b)

10 %

X

10"

(d)

1072

X

107

Schmidt, Yang; sjb

not universal !

Stan Brodsky, SLAC



Shadowing and Antishadowing of DIS
Structure Functions

1.2 1.2
L 7 —Current (o) L Z~Current (c) S. J. Brodsky, I. Schmidt and J. J. Yang,
11 L T g 11 - T . “Nuclear Antishadowing in
i IR s IR S Neutrino Deep Inelastic Scattering,”
T S i Phys. Rev. D 70, 116003 (2004)
oy [ [arXiv:hep-ph/0409279].
0.9 |- i
0'8 7\\‘ | | \\\\H‘ | | \\\\H‘ | 0'8 7\\‘ | | \\\\H‘ | | \\\\H‘ | Modlﬁes
107 107 107" 10" 107 107" I
X X NuTeV extraction of
1.2 1.2 .« 2
o Y\/:-—f)frrjnt © u W_—Currjnt (d) Sln 9 ‘/‘/
?\“ N e Test in flavor-tagged
B e lepton-nucleus collisions
0.8 |- 0.8 |
7\\‘ | | \\\\H‘ | | \\\\H‘ | 7\\‘ | | \\\\H‘ | | \\\\H‘ |
107 107 107" 107> 107 107"
X X
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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0.6 |~

004 | | L1 ‘ | | L1 ‘
10°° 107
X

Predicted nuclear shadowing and and antishadowing at ()2 — 1 GeV?2

1

S. J. Brodsky, I. Schmidt and J. J. Yang,
“Nuclear Antishadowing in

Neutrino Deep Inelastic Scattering,”
Phys. Rev. D 70, 116003 (2004)
[arXiv:hep-ph/0409279].

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Shadowing and Antishadowing irv Lepton-Nuclews Scattering

e Shadowing: Destructive Interference
of Two-Step and One-Step Processes
Pomeron Exchange

e Antishadowing: Constructive Interference
of Two-Step and One-Step Processes!
Reggeon and Odderon Exchange

Antichadowing is Not Uni ’ Jian-Jun Yang
e Antishadowing is Not Universal! e Selrmaiak

Electromagnetic and weak currents: Hung Jung Lu
different nuclear effects ! sjb

Cawvexplainy NuwreV result

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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We emphasize that the nuclear
antishadowing of the different curventy iy
different quark species.

Nuclear antishadowing in neutrino deep inelastic scattering.

Stanley J. Brodsky (SLAC), lvan Schmidt (Santa Maria U., Valparaiso), Jian-Jun Yang (Santa Maria U.,
Valparaiso & Regensburg U. & Nanjing Normal U.). SLAC-PUB-9677, USM-TH-136. Aug 2004. 36 pp.
Published in Phys.Rev. D70 (2004) 116003

e-Print: hep-ph/0409279

Many phenomenological tests

LBNL November 18, 2010 Novel QCD zhenomena Stan Brodsky, SLAC
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1.3
1.2

1.1]

FzFe /F2D

0.9 |

0.8 f

“T07T00 02 03 04 05 06 07 08 09 1

X
Scheinbein, Yw, Keppel, Morfin, Olness, Owens
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LHC p-A Collisions
Leading-Twist Contribution to- Hadvronw Production o Nuclei

—> 70
—>
: Dw/q (Za Pl )
Gg/alx2,pl) Aa(m)Gq/N(ﬂ?mpL) '

)

— \

A d3p/E( A—>7TX) AO‘( )d3 /E( N—>7TX)
Anti-shadowing iy quawk specific
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Physics of Rescattering

* Sivers Asymmetry and Diffractive DIS: New
Insights into Final State Interactions in QCD

* Origin of Hard Pomeron

* Structure Functions not Probability

L
Distributions! Not square of LFWFs
* 'T-odd SSAs, Shadowing, Antishadowing

* Diffractive dijets/ trijets, doubly diffractive Higgs

* Novel Effects: Color Transparency, Color
Opaqueness, Intrinsic Charm, Odderon

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Static Dynamic

® Square of Target LFWFs Modified by Rescattering: ISI & FSI Hwang,
Schmidt, sjb,
® No Wilson Line Contains Wilson Line, Phases
Mulders, Boer
® Probability Distributions No Probabilistic Interpretation .
Qiu, Sterman
° - ) ) .
Process-Independent Process-Dependent - From Collision Collins, Qiu
® T-even Observables T-Odd (Sivers, Boer-Mulders, etc.) Pasquini, Xiao
9 b
 No Shadowing, Anti-Shadowing | Shadowing, Anti-Shadowing, Saturation LT, G
® Sum Rules: Momentum and J* Sum Rules Not Proven
® DGLAP Evolution; mod. at large x | DGLAP Evolution
® No Diffractive DIS Hard Pomeron and Odderon Diffractive DIS
2 e
final state
interaction
Wi (x4, k14, Ai) ggggfgor>
proton
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Crucial Test of Leading -Twist QCD:
Scaling at fuxed xr

d _ F(erfcm)
Eg, (PN — mX) = p%;ef?M

Parton model: n. g =4

As fundamental as Bjorken scaling in DIS

Conformal scaling: neg = 2 Nactive = 4

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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1n,
ctive =
= 4

n
eff =
=21,
ctive ~
4

v
Neff
- 4
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\/EnE%(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 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

& E706 p+p \s=38.7GeV
% E706 p+p \s=31.5GeV
+ UA6 p+p \s=24.3GeV

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

—

Tannenbaum

x-scaling of
direct photon
production:
consistent with

PQCD
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Leading-Twist Contributiow to- Hadron Productiov

Pawrton model and do  __ &2 F(x,,y)
Conformal Scaling: d3p/E — S péi

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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QCD prediction. Modificatiow of power fall-off due to-
DGLAP evolution and the Rurnning Coupling

do S F(xJ_ay)
3 T n(x
i d3p/E pL( 1)
£ — photon INCLNLO
7 - — pion ]
6 /// pp — X
5
| - pp — X
4 CTEQ6.6 PDF |
DSS/BFG FF
3 scales=p ]
y=0
Arleo, o | ‘ L ‘ ]
Hwang, Sickles, sjb 10~ 107 5 <pL <20 GeV
Key test of PQCD: power-law -
Pirner, Raufeisen, sjb 4 fall-off ot %.' " 70 GeV < /s <4 TeV
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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 —

Continuous rise

3
6
:
------------------------- 4-
Nefr = 4
2
Leading twist:
0

E49 (pN
d3p (p —

LBNL November 18, 2010

of n with x7.

0-59% +r—e—

—6—
I 1 1 1 1 I

[ 60-92%

0 0.01 0.02

X
F(wTﬁCM) !
neff
P

pX) =

Novel QCD Phenomena
56

Stan Brodsky,

0.05

SLAC



10?2
10%°

10'8

\'s” Ed°c/dp® [mb GeV“c?]

. . : 5.1
Inclusive invariant cross sections, scaled by /s

—||||| [
—(a)
°

__._

4%,7

CMS Preliminary — Jet-triggered charged particle transverse momentum

spectra in pp collisions at 7 TeV

JLdt =10.2 nb”

7] The CMS Collaboration
1 a7 scaling fails
—  pp(p) — 0.5(h*+h’) + X (Inl<1.0) =
CMS 7 TeV . =
CDF 1.96 TeV % _
CDF 1.8 TeV ‘& ’
CDF 0.63 TeV ¥ i
UA1 0.90 TeV (Ini<2.5) % E

— —— UA1 0.50 TeV (Inl<2.5) -
| ——— UA10.20 TeV (l<2.5) |

10

107

107 107
Xt
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d F —
B (pp — fx) = LT bem Z 7/2)

3
d°p 2
24 T | i T T 1
e D elastic
20 — o E _..-"'") ki
16 o g
Cleaw evidence
o B for higher-twist
8 | B contributions
% [ rr = sz/\/g =
0 ] | ] | |
0 0.2 04 0.6 0.8 1.0
J- W. Cronin, SSI 1974
16 I I I
12 o e—® -
/---*""“"" Chicago-Princeton
el
i =
rr = 2pr/V/'S
0 | | l
0 0.2 04 0.6 0.8
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Ed_“(ppﬁ HX) = Fer,0cm =m/2)
p

12 o /s=38.8/31.6 GeV E706
@ Vs=62.4/22.4 GeV PHENIX/FNAL
- ® V/s=62.8/52.7 GeV R806
10 © Vs=52.7/30.6 GeV R806

- o Vs=200/62.4 GeV PHENIX
" @ Vs=500/200 GeV UAT1
" @ Vs=900/200 GeV UAT
8 e Vs=1800/630 GeV CDF

neff
o

Leading-Twist PQCD

,Jets |
2 W Vs=1800/630 GeVCDFy A CDF jets -
- ® V/s=1800/630 GeV DO v A DO jets :

| | [ R | | [ R | |

-2 -1 -
Arleo,Hwang, Sickles, sjb 10 10" o7 =2pr/V/s

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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10

nexP

- ® s=62.4/22.4 GeV PHENIX/FNAL

| ® Vs=200/62.4 GeV PHENIX

9 |-® Vs=900/500 GeV UA1 o |
- ® Vs=1800/630 GeV CDF 1

- ® Vs=1800/630 GeV CDF 2 1

| m s=1800/630 GeV CDF y I ]

8 |- Vs=1800/630 GeVDOy .= Yoo @R T

[

s cat e |

~ > - Photons and Jets
* agree with

PQCD xr scaling

Hadrons do not!

‘e s=38.8/31.6 GeVE706 ‘

@ Significant increase of the hadron n®*® with x
o n®*P ~ 8 at large x,

@ Huge contrast with photons and jets !
@ n®*P constant and slight above 4 at all x|

LBNL November 18, 2010 Novel QCD6Phenomena Stan Brodsky, SLAC
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Arleo, Hwang, Sickles, sjb

<4 o — I
hadrons 0 v/ jets

e s s s S S S SN NN NN NN EEE NN NN NN NN NN NN NN EEEENEEREER 1

LBNL November 18, 2010 Novel QCD6Phenomena Stan Brodsky, SLAC
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RHIC/LHC predictions
PHENXresults

PHENIX results

Scaling exponents from /s = 500 GeV preliminary data
[ A. Bezilevsky, APS Meeting

11— ™
z - RHIC
< s EHLHC
0.6 B ——— .
04— = H
[E “M\ \\‘\ .\HH\ L
0.2— s = RN
: =i\, i
0 : —— ~ = W
-u'z ; i i 1 i i i [ I 1 i [ [ L i | il |
102 10

X}
@ Magnitude of A and its x, -dependence consistent with predictions
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Direct Higher Twist Processes
® QCD predicts that hadrons can interact directly
within hard subprocesses

® Exclusive and quasi-exclusive reactions

® Form factors, deeply virtual meson scattering

® Controlled by the hadron distribution amplitude

® Satisfies ERBL evolution

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC



Divect Contribution to- Hadronw Productiov

— 3 QF(ajJ_ay)
d3p/E T an

No- Fragmentation Functionw



Hadron Distribution Amplitudes

N

Q S
CbM(x,Q):/ d°k Yeq(z, k1

- Fixed T=t4 z/c

® Fundamental gauge invariant non-perturbative input to hard
exclusive processes, heavy hadron decays. Defined for  Lepage, Huang, sjb
Mesons, Baryons Efiemov, Radyusbkin.

® Evolution Equations from PQCD, OPE, Sachrajda, Frisbman Lepage, sjb
Braun, Gardi

® Conformal Invariance

® Compute from valence light-front wavefunction in light-
cone gauge

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC



™ N - M i M _X at 80 GEV/C Di]rectS;tbproi‘essP;*edict}on.- |
1.2+
dfr 2 . " 2
0 1 +\cos“@+psin26cos¢p +wsin“fcos2¢p.  0.8f ’
0.4+
dzﬂ' & o 2 ) _'1 (k%) . D ,
Tl coal X, |(1=x,)*(1+cos 9)+9 IvE sin’@ \ ol
(k%) =0.62 +0.16 GeV?/c? _0 4k
2 2
Q=M Text odl
DVWL/’OGZ’WWVWW Ll
distributionw at lawrge v
| l o | | |
B = G 0.4 05 06 07 08 09 |
X
Example of a higher-twist Chicago-Princeton
; Collaboration
dIrCCt Subp rocess Phys.Rev.Lett.55:2649,1985
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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T N — u+ u- X at high xr

In the limit where (1-xp)Q? is fixed as Q2 — o

Distribution amplitude from AdS/CFT

Entire pion wf

contributes to It

hard process W |
Virtual photon i1s

longitudinally
: _ polarized
N = W
Berger, sjb
Similar bigher twist terms in. iz, Breasobrcyy il off
jet hddranizdtian at ldrge K’ Hoyer Vanttinen
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Berger, Lepage, sjb

k
. mq — 7Y (g
¢
" Initial State
Interaction
p

S|

Pion appears directly in subprocess at large xr
AW of the piows momentuwm iy transferred to-the lepton pair
Lepton Pair iy produced longitudinally polarized
Novel QCD Phenomena Stan Brodsky, SLAC

LBNL November 18, 2010 .



w _N - ’.L+ ’.L—X at 80 GEV/ C Dz]rectS;tbprol‘essP;‘edict}on.. |
12f ~
/
d{}' 2 . .
“q° 1 +\cos“@+psin26cos¢p +wsin“fcos2¢p.  0.8f ’ *
0.4\
d’c v )2 2 4 (kP
dx"dcnsﬂmx“ (1=x,)*(1+cos8) + 9 12 sin‘6 . ol
(k%) =0.62 io.lﬁ G6V2/62 -0.4+
@ = 0 —
_0_8_
Drwmafwdwxg@uwmmg/uw A
distributionw at lawrge xr
04 05 06 07 08 09 |
X1

Exam.ple of a higher-twist Chicago-Princeton
direct subprocess Collaboration

Phys.Rev.Lett.55:2649,1985

LBNL November 18, 2010 Novel QCD6Phenomena Stan Brodsky, SLAC
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Scaling laws in inclusive pion production

@ Conventional pQCD picture (leading twist): 2 — 2 process followed
by fragmentation into a pion on long time scales

~000000 —@=
nactive:4_>n:4(:2><4_4)
do F(x, ,9)
EdTp(pp — 7 X) ~ Lpi

@ Direct higher-twist picture: pion produced directly in the hard process

| nactive:5_>n:6(:2><5_4)

do F'(x, ,9™)
E dTp(p p — 1 X)n~ pi
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Direct Proton Production

Nactive = O
do F(x, ,9)
_ 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 witihv centrality!

1.8 Protons less absorbed
o . proton/pion ] in nuclear collisions than pions
® 1.6F . because of dominant.
oc - 1 color transparent higher twist process
141 7
: - <«— Central
1.2 -
1F ] O = Au+Au 0-10%
i A Ao  Au+Au 20-30%
0.8 ] o e Au+Au60-92%
I *x p+p, s =53 GeV, ISR
0.6 [ ] ---- e'e, gluon jets, DELPHI
S N L v A L e  : e*e, quark jets, DELPHI
0.4F ] .
: LE <— Peripheral
0.2¢ 5
0 Tonnenbauum
0 1 2 3 4 BoawyonwAnomaly:
p; (GeV/c)
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Bawyon cowv be made dirvectly within hawd subbprocess!

Bjorken
p Blankenbecler, Gunion, sjb
C al Berger, sjb
oailescence - Hoyer, et al: Semi-Exclusive
Co. uu — pd
within hard
subprocess $p(21,22,73) < N3 Sickles; sjb
Small colov-singlet
Color Trawusparent
Minimal same-side energy
u . .- < u
&4 & Baryon anomaly
Colliston cowvproduce 3 Nactive = 6 qq — Bq
collinear quawrks Neff= 2Nactive - 4
M 8
P Neff=
d
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Anne Sickles

- 0.1
> - | -1 protowtrigger:
2 i @ meson-meson, near side 1 # soaume-side
S o008 ®  baryon-meson, near side _ l
[ B O  meson-meson, away side — P th
> i 1 baryon-meson, away side 1 decreases w
B | centrality
0.06 + +
_ . . :
00al i -
u () * _
S b e
0.02 —g a2 = ; % Cb_
i trigger: 2.5 <p_<4.0 GeV/c [I] _
0 —
- associated: 1.8 <p_<2.5 GeV/c }
1 1 | I 1 1 | I 1 1 | I 1 1 | I | I | I 1 1 | I | I | I |
0 50 100 150 200 250 300 330
. . part
Proton production more dominated by
color-transparent direct high-n.g subprocesses
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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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

A10 T I T I T I T I T I T I T I T I | I | I | I | 1 | | | I ' I
= | i + . i
% o n(x,) for x° AL n(x,) for % l Central
. 5 0-10% 1t 220-10% ]
8- 1 60-80% = [160-80% i .
7_ — - —
6~ i —HF i _
5 b —+ L
LT 1L ipheral
3_ — - —
2_ —_ - + —
1 | 1 | 1 | 1 | 1 | 1 | 1 I 1 | |

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 with centrality !
Protow production dominated by
colov-transparent dirvect high neg subprocesses

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Particle ratio- changes witihv centrality!

1.8 Protons less absorbed
o . proton/pion ] in nuclear collisions than pions
® 1.6F . because of dominant.
oc - 1 color transparent higher twist process
141 7
: - <«— Central
1.2 -
1F ] O = Au+Au 0-10%
i A Ao  Au+Au 20-30%
0.8 ] o e Au+Au60-92%
I *x p+p, s =53 GeV, ISR
0.6 [ ] ---- e'e, gluon jets, DELPHI
S N L v A L e  : e*e, quark jets, DELPHI
0.4F ] .
: LE <— Peripheral
0.2¢ 5
0 Tonnenbauum
0 1 2 3 4 BoawyonwAnomaly:
p; (GeV/c)
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Lambda canv be made directly within hawrd subbprocess

Anne Sickles, sjb

A

Coalescence ud — As
within hard
subprocess Small color-singlet
Color Trawmsparent
Minimal soume-side energy
u > < d
_ Nactive = 6
S PV' Z Z oy Ct1ve
away side Neff= 2Nactive - 4
§ Neff= 8
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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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 M 40%-60% central: STAR
S - ® p+p NSD: STAR S ® 200 GeV p+p: STAR
3 = e'+e - ggg: ARGUS R 0630 GeV p+p: UAT
Qé 0 e'+e — qq: ARGUS 4
3 £
3 |
= \
S 05- 4
< 0.5
S
S +
3 +
m -

O | | | | |

0 2 8

Transverse Momentum p, (GeVic)

LBNL November 18, 2010

Novel QCD Phenomena
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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

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC



Higher Twist atl 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

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC



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

had h Ehaclrc-nic
a max ___ 511111
EFC < EM =¢e p]

Jet
for particles inside a cone

(n—=n,)+(@-¢,)? <R |E\

R - k,e"fﬁ'rﬁ | A

Consequence

Enhanced scaling exponent for isolated hadrons

h h

Nisolated > Ninclusive

LBNL November 18, 2010 Novel QCDSPhenomena Stan Brodsky, SLAC
I



® Quarks and Gluons:
Fundamental constituents of hadrons and nuclei

e Quantuwm Chwromodynamics (QCD)

® New Insights from higher space-time dimensions: AdS/QCD
o Light-Front Holography

o Hadvonigationw at the Amplitude Level
o Light Front Wawvefunctions:  analogous to the

Schrodinger wavefunctions of atomic physics

W (24, k35 M)

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC



tach element of

flash photograph
itdluwminated
at some LF time

T=1t+z/c

Evolve in LF time
d

P~ — i
ZdT

Eigenutate -- independent of T

HELEN BRADLEY - PHOTOGRAPHY
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Light-Front Wavefunctions: rigorous representation of
composite systems in quantum field theory

1+ kO 1 3 Fixed T=t+ z/c

:E_PO+P3

X

o, PT,z,P| + k|
Pt,P,

v

—_—
d>oamp =1
Vn(x;, ki Ai)
v Sk =0
Inwariant under boosty! Independent of P
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Angular Momentum on the Light-Front

NE % ]z Conserved
Z + Z LF Fock state by Fock State

=1

2 0 i .
[< (k i3 k2 k- —1) n-1 orbital angular momenta

A]Bk].A

Nongero-Anomalows Moment -->Nongero- ovbitaldl angulor momentum

LBNL November 18, 2010 Novel QCDSPhenomena Stan Brodsky, SLAC
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P,S.>= > W, (xi, ki i)k, A >
n=>3

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

The Light Front Fock State Wavefunctions
P, (x1,K 11, M)

)
Yvy

are boost invariant; they are independent of the hadron’s energy
and momentum P¥.
The light-cone momentum fraction

il

A

l

p+_p0_|_Pz P

X —

Y

t
\

Yy

are boost invariant.

T N Ty

Intrinsic heawvy quowks || s(z) # s(zx)
c(x), b(x) at bigh x ! u(x) # d(z)
Deuterow: Hiddew

Mueller: gluon Fock states 99> BFKL Color

-
(_LD
V!Vi""

Fixed LF time




Light-Front QCD oD
HEG |Wh) = M2 |W),)

Heisenberg Equation
1 2 3 4 5 6 7 8 9 10 1 12 13
n  Sector qq a9 qag qq qq 999 quqag | q9qaqd | 9999 | 99999 | 99999y {999 qag (999aqqaq
K -
%\ 1 q
N 2 g
ps’ p.s

8 q4g

4 quqq

—— VRV ||° %8
AVAVov,v, smm——| L
7 ddqg

8 qoqaqg

p.s p.,S 9 0999

g 10 qqggg

- - |11 daqqgg

T O A A 8

12 qqqqaag

13 qqqaqqaq

YA

LBNL November 18, 2010 Novel QCDSPhenomena Stan Brodsky, SLAC
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LIGHT -FRONT SCHRODINGER EQUATION

2 22,4 Y | [ {a@lVieg  {(e8lV l¢gg} IR
Mz — Z . : Yego/r | = | (@9l V le@) {(g99| V iggg} --- Pago/fn
. . - . . ) .
| } 0 - ,g_ L'L-L_ LW }
D o= ||Z o ||
I * ' .
AT =0 G.P. Lepage, sjb
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Remarkable Features of Hadron
Structure

® Valence quark helicity represents less than half of the
proton’s spin and momentum

® Non-zero quark orbital angular momentum!

o Asymmetric sea: u(z) 7 d(z) relation to meson
cloud

® Non-symmetric strange and antistrange sea 5(x) # s(x)
® [ntrinsic charm and bottom at high x As(x) # As(x)

® Hidden-Color Fock states of the Deuteron

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC



d(z)/u(zx) for 0.015 <z < 0.35

225
E / m E866
7 =
= - —— A NASI
B EB866/NuSea (Drell-Yan) {78 s — MRS12
o CTEQ4m
1.5 F CTEQG
d(x) £ulz) 2w
o -

_ 075 F
0.5 F
- - 025 F E866 Systematic Error
( " Ll 1L 1l l | I — l Ll 1 L1\l O B b | Rl )
heawvy quarks Yo TTor 02 04 05 06
X
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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10°

10

\ PGF /":

1

\ L 31(1C.1

\

A
PGF \

CR) J
]

=

\ -

1

Measurement of Chawrmy
Structuwre Functiovw

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

LBNL November 18, 2010

Novel QCD Phenomena

o1

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

Stan Brodsky, SLAC



week endin,

PRL 102, 192002 (2009) PHYSICAL REVIEW LETTERS 15 MAY 2000

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

£18EDO, L =10 |y <08 F yy"<o0 AU pPp — cX
@ - nt ' L
E16F y'ry.el>0 gel|<1.0 - vy+b+ X
~ - >15GeV ¢ —
gup rroex PGy Ao (pp — 70 X)
1 E—-?'-ﬁt;zfi:f?%a:.smr. Ry - e s AT |
0.8 :— “reredenraniecinnia,,,, LT P E— o
0.6 - —e— data/theory 3 Ratlo
- CTEQ6.6M PDF uncertainty [ o °_ o
0.4 -ieieis ICBHPS/ CTEQ6.6M 3 mnsensitive to
0.2 |= = - IC sea-like / CTEQ6.6M 2
T Scale uncertainty ¥ s e gluon PDF,
o Y, let s
F vy >0 s
asf 1Y | scales
[ °
5 Signal for
: o o
: significant IC
atx>0.1?
40 60 80 100 120 140
p; (GeV)
LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Fixed LF time

Protow Self Energy

2 2\1/2
Intrinsic Heavy § gy (mQ T kl)

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

M. Polyakov 93

Probability (QED) M2

M4



Hoyer, Peterson, Sakai, sjb

u B luudcc > Fluctuation in Proton
> 2
R = : e ~Abep
[ \ <’LLF{B c QCD: Probability 7
sd . R .. . .
2. C, leTe”¢74~ > Fluctuation in Positroniun
~ ~ 4
L 3G < QED: Probability %
14
b B 4 &
G OPE derivation - M.Polyakov et al.
G, F4
< p| m% lp>vs. < p|#?|P > c¢ 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

LBNL November 18, 2010 Novel QCD9Phenomena Stan Brodsky, SLAC
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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

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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Leading Hadrow Production
fromv Intrinsic Chawmw

u -— \ C
C u
2 S O ‘:?d:;O_ .
d_ > > 1 C
¢ u

Coalescence of Comoving Charm and Valence Quarks
Produce J /v, A. and other Charm Hadrons at High xf

LBNL November 18, 2010 Novel QCD Phenomena Stan Brodsky, SLAC
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pp — Np(bud)B(bg) X at large xp

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

combinations/100 MeV/c®

combinations/150 MeV/c*

280

80

Associated e/

400

300

200

1 Associated e

HH N 100+

20+ 40}
O Uééi 5 6 7 8 9 U3
m [p(Kn")m ] (GeV/e") m [(pK ©)x nn] (GeV/c)
/\g — pD07r_ /\g — /\—C|_7T+7T_7T_
Il Nuovo Cimento 104, 1787
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All events have 2, > 0.4 Excludes "color drag’ model
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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

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)

pion beams (a) and the number uf.pairs from t.he 4(.)0 GeV proton = naj(Mcf) (m2 — En (2 %)) ol
measurement (c). The number of single J/i’s is twice the number my i=) \IT /X
of pairs.
NA3 Data
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