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Deep Inelastic Electron-Protovw Scaltering

Final-State QCD
Interaction

jet
Corwentional wisdom
Final-state interactions of struck quark carnv be neglected
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Physics of Rescattering

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

* Origin of Hard Pomeron

* Structure Functions not Probability
Distributions!

* 'T-odd SSAs, Shadowing, Antishadowing
* Diffractive dijets/ trijets, doubly diftfractive Higgs

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

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Single-sp WV Leading Twist
asynunelries Sivers Effect

e Hwang,
Schmidyt, sjb

current
quark jet  Collins, Burkardt

Ji, Yuan

QCD §- and P-
Coulomb Phases
--Wilson Line

PéWdO" T~(9dd/ quark final state

interaction

spectator
system

proton 11-2001

Light-Front Wavefunction B024A00
S and P- Waves
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Final-State Interactions Produce
Pseudo T-Odd, (Sivers Effect) i S Piuxg

e Leading-Twist Bjorken Scaling]
* Requires nonzero orbital angular momentum of quark!

e Arises from the interference of Final-State QCD
Coulomb phases in S- and P- waves; Wilson line effect; gauge independent

e Unexpected QCD Effect -- thought to be zero! <

current

e Relate to the quark contribution to the target proton quark jet

anomalous magnetic moment and final-state QCD phases !

e QCD Coulomb phase at soft scale

final state
interaction

e Measure in jet trigger or leading hadron spectator>
system
e Sum of Sivers Functions for all quarks and gluons-- relate ¢80
(Zero gravito-anomalous magnetic moment: B(o)= o)
JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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F2 Z/daﬁ 1[d%k, ] Zeﬂ o Drell, sjb

s / L, /
[ - C]—ng (4, Ky o) g (3, ke iy i) + q—RlbclL (23, 1y M) 0 (i, k1, Az)}

k/Lz — kJ_/L' — T;q L k,J_] = kJ_j —+ (1 — ZCj)qJ_
. qr,r = ¢~ £ iq¥
~ (+) - -
Xjokyj Xjpokyjta
/' \

' —
P, S,=-1/2 p+aq, S,=1/2
Must have A/¢, = +1 to have nonzero F»(g%)

Saume matrix elements appear inv Sivery effect
-- conmnection to- quawk anomalous momenty
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Anomalows grovitomagnetic moment B(0)
Okun et al: B(0) Must vanishv because of

Equivalence Theovem
growitovw
q, sum over constitfuents
—~ (+) s
, WK i+ Qg
Xjo Ky NIRRT
ed |
P, S,=-1/2 p+aq, S,=1/2
Hwang, Schmidyt, sjb; _
N B(O) =0 tach Fock State

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,

May 24, 2007 8 SLAC



Final-State Interactions Produce
Pseudo-T-Odd, (Sivers Tffect)

* Leading-Twist Bjorken Scaling] 1 § . ﬁ jetr X g

* Requires nonzero orbital angular momentum of quark

* Arises from the interference of Final-State QCD
Coulomb phases in S- and P- waves; Wilson line effect;
gauge independent

current
quark jet

final state
interaction

spectator >

system

proton 11-2001
8624A06

* Relate to the quark contribution to the target proton
anomalous magnetic moment and final-state QCD phases

* QCD phase at soft scale
e New window to QCD coupling and running gluon mass in the IR

* QED S and P Coulomb phases infinite — difference of phases finite

Novel ISI and FSI QCD Interactions Stan Brodsky,

JLab Exclusive
SLAC
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Conformal window 3(Q2) = 4as(@) _

Infra?fed fixed-point dlog Q2
| Shirkov
°- _ Gribov

R % ' E o i Dokshitser

(e 1.5} % ?é ! Siminov
1% . s PQCD Asymptotic freedom Maxwell
- Schwinger-Dyson LY ; / Cornwall

0.5} - == = \\\?\:\\‘

| 2 |

20.4-0.2 0 0'20'40'60'8 1

10919 Q%(GeV?)

$ lattice: Furui, Nakajima (MILC)
- - = - DSE: Alkofer, Fischer, von Smekal et al.
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Prediction for
Single-Spin.

Asymmetry
(b)
0.10-
ASLIjnL o0 0.06—
0.02
10
Hwang,
11-2002 SChmldt)
8658A1 Sjb
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and produce

a T-odd effect!

Vl\il S il
’ can interfere
) T with d
= ( =

(also need L. # 0)

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

Sivers asymmetry from HERMES

® First evidence for non-zero
Sivers function!

. 5015 F -
% 0.1 T |
T 4 ® = presence of non-zero quark
< 0.05 - = .
g 00574 |4 | * b 4 orbital angular momentum!
'\tTJ/ 0 j ____________________________ I U
N 0.05 ... L ® Positive for ...
01 L B Consistent with zero for ...
0.05 - | + Gamberg: Hermes
0 + P + ....... T ...... - S + data compatible with BHS
-0.05 - i model
| | | | | | | | | | | | | | | | 1 1 1 | 1 1 11 | 1 1 11 | 1 1 11 | 1 111 Sc] .dt, Lu: Hermes
X Z contributions to anomalous
. ) moment
JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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A new measurement of the Collins and Sivers
asymmetries on a transversely polarised deuteron

target
The COMPASS Collaboration hep-exl061 0068
{3
0.05¢ - % -
: ¢
L omiadt Lt b 4 lanty 41
-0.05F - -
O o " 02 04 06 08 05 1 15
X z p}; (GeV/c)

Sivers SSA cancels on an isospin zero target --
gluon contribution to the Sivers asymmetry small
small gluon contribution to orbital angular momentum of nucleon

Gardner, sjb
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Recent COMPASS data on deuteron:
small Sivers effect

o The anomalous magnetic moment, the Sivers function,
and the generalized parton distribution E can all be
connected to matrix elements involving the orbital
angular momentum of the nucleon's constituents.

@ The SSA can be generated by either a quark or gluon
mechanism, and the isospin structure of the two
mechanisms is distinct. The approximate cancellation of
the SSA measured on a deuterium target suggests that
the gluon mechanism, and thus the orbital angular
momentum carried by gluons in the nucleon, is small.

o Studies of the SSA in ¢ or KTK~ production, via
v*g — SS — ¢+ X or v* g — s5 — KTK~ + X should provide
additional constraints on the gluon mechanism.

Gardner, sjb

Stan Brodsky,
SLAC
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Predict Opposite Sign SSA inv DY !

Collins;

|3 > Hwang, Schmidt.
> sjb

cl
D
+

-
P4 >

§ingile Spin Asymmetry In the Drell Yan Process

Sy D X Gy

Quarks Interact in the Initial State

Interference of Coulomb Phases for S and P states

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

Opposite Sign to DIS! No Factorization
Novel ISI and FSI QCD Interactions

Stan Brodsky,

JLab Exclusive
SLAC
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Boer, Hwang, sjb

cl
¢))
+

DY cos 2¢ correlation at leading twist from double ISI
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Boer, Hwang; sjb
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> : <
u :
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- .
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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¢

Drell-Yan planar correlations

1 do
——

(1 + Acos? 0 + 11sin 20 cos ¢ + zSir12«9(:os2gb
o df) 2

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

o hi(m)hy(N)

)

0

N — ,u_l',u_X NA1

Boer, Hwang, sjb
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f ? | Doublle IS I. : ,' ._
. 3 4 5 6 7 _ 8
Violates Lam-Tung relation! Qr
Novel ISI and FSI QCD I i MBS
JLab Exclusive ove an Q nteractions Stan Brodsky,
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Anomalous effect from Double ISI inv
Massive Lepton Production

Boer, Hwang, sjb

COS 2¢ correlation P,

;[

* Leading Twist, valence quark dominated QQQ% %5%%
a%

* Violates Lam-Tung Relation!

Pl
* Not obtained from standard PQCD subprocess analysis

P,

——

=

1

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

* No polarization required

* Challenge to standard picture of PQCD Factorization

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,

May 24, 2007 9 SLAC



Ol
Y
Yy

cl
o

al

Problem for factorigation whew botivISI 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]

%
#

%
#'

The exchange of two extra gluons, as in this graph,
will tend to give non-factorization in unpolarized cross sec-
tions.

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Remowkalble olwva/tﬂow a/t H TRA

P

N Q
lfzf
§

XIP

i

10% to-15%
of DIS eventy

are

diffractive !

r

0.15F

0.10}

0.05

0.00}

|

.

Xeu < 0.0008
ZEUS

— i i rl.
1 T t

0.0008 < xp < 0.003

40 60 80 100
Q%on [GeV?]

Fraction r of events with a large rapidity gap,
nmax < 1.5, as a function of Q2 , for two ranges of xpa. No
acceptance corrections have been applied.

M. Derrick et al. [ZEUS Collaboration], Phys. Lett. B 315, 481 (1993)

JLab Exclusive
May 24, 2007

Novel ISI and FSI QCD Interactions
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DDIS = X

gap

P P
# In alarge 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

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
SLAC
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de Roeck
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Final-State Interaction
Produces Diffractive DIS

Q / Quark Rescattering
-

Hoyer, Marchal, Peigne, Sannino, SJB (BHM

Enberg, Hoyer, Ingelman, SJB

.:—
q
Hwang, Schmidt, SJB

P = P’

1-2005
8711A18

Low-Nussinov model of Pomeron

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidity Gaps

* Wilson LineI I_P(y) /y dx eiA(x)dx w(O)
0

Reproduces lab-frame color dipole approach

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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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 Target

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Final State Interactions inv QCD

* *

A
e
= =
Feynman Gauge Light-Cone Gauge
Resuldt s Gauge Independent

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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JLab Exclusive

Rescattering gluons have small i)

momenta kS o,
— (3 dependence of diffractive PDFs A []] r-1m
arises from underlying (non- 57 'k, "

perturbative) ¢ — qg and g — gg ; E

Effective IP distribution and quark structure function:
fpplzp) x g(zmp, Q3)
qulP(J Q%) x *32 + (1 o 6)2

Diffractive amplitudes from rescattering are dominantly
Imaginary — as expected for diffraction
(Ingelman—-Schlein [P model has real amplitudes)

S. J. Brodsky, P. Hoyer, N. Marchal, S. Peigne
and F. Sannino, Phys. Rev. D 65, 114025 (2002)
[arXiv:hep-ph/0104291].

S. J. Brodsky, R. Enberg, P. Hoyer and G. Ingel-
man, arXiv:hep-ph/0409119.

Novel ISI and FSI QCD Interactions Stan Brodsky,
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Enberg, Hoyer, Ingelman, sjb

The Pomeron formalism

FP is fitted to HERA data — good description

- ZEUS - =5 f=p.n3 fi=n13 L=
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Lines given by fit with NLO QCD evolution

Novel 1581 and FS1 QCD Interactions Stan Brodsky,
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Consequences for DDIS

# Underlying hard scattering sub-process is the same in
diffractive and non-diffractive events

# Same ? dependence of diffractive and inclusive PDFs

# and same energy (W or zg) dependence

— 29T independent of 2 and Q? (as in data)

Utot
Also describes: vector meson leptoproduction =~ BGMES

#» Note:
# In pomeron models the ratio depends on 1,13—@
which is ruled out
» In a two-gluon model with two hard gluons, the
diffractive cross section depends on [f, ,,(zg, @*)]?

Novel ISI and FSI QCD Interactions Stan Brodsky,

JLab Exclusive
SLAC
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Rescattering toy model

BHMPS: Toy model — scalar abelian gauge theory:

Y¥rQJ ‘f”?‘f’q}

T(p) - T(p)

rg — 0. on-shell intermediate states — imag. 2-gluon ampl.
as required for pomeron from crossing symmetry

() P, —— X
ﬂﬁm{?}; ﬁlﬁ:f; x g2Ko(mr ) log ( RLRJZM )
Tip) Tip’)

1) F,
——ﬁ’_ﬂ _% x ig*Ko(mr,) {lcrg ('REZTH)}
Tipl Tip’)
Rescattering factorizes in coordinate space!
JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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do Qem 1 —y 1 dps ~ -
4 em 2 2= 2 2
= &2Fp d2 Ry | M
e, 1602 42 2MV/ oy T v |M]

where .
sin [92 W (rr, RT)/2}

M(p; ,7r, Ry)| = _
> 175,71 ) g2 W (7r, Rr) /2

is the resummed result. The Born amplitude is

A(p2_7 FT) RE)T)

fl(p;, T, }?T) = 2eg° MQp; V (myrr)W (77, }?T)

where mf = p, Mg +m? and FSI not
Py i | Unitary Phase!

- K |
(2m)2p3 +m? 2w o(mrr)

Vimre) = /

The rescattering effect of the dipole of the qq is controlled by

W (rr, ﬁT) = /

d2ET | — grmiom iBpr L \ET + 77|
(2m)2 k% 27 '

Precursor of Nuclear Shadowing BHMPS

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Howd Diffractive
Hadvon-Hadvronw Collisions

Bartels, Goulianis,
Mueller, BFKL,
Kovchegov, Maor, Khoze,
Peigne, Gay Ducati
Kopeliovitch, Schmidt, sjb

* Single diffractive + high Pr
* Double diffractive + high Pt
* Heavy quarks diffractive

* Lepton pair diffractive (Berman, Levy, Yan 1969)

* Nuclear dependence o(pA — J/9pX) « A2/3 at high zp

Novel ISI and FSI QCD Interactions Stan Brodsky,

JLab Exclusive
34 SLAC
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Predict: Reduced DDIS/DIS for Heavy Quowks

’Y * bJ_ — O(l/MQ)
q+=OLI1CL‘ BXq l Higher Twist
¢ > Diffraction Fraction
/ o) g (1 -B)Xg +(DDIS) _ Noco
- oc(DIS) — Mé
Xg f ox~1 T } Rap Gap
Vv

See also: Bartels et al

Kopeliovitch, Schmidt, sjb
Reproduces lab-frame color dipole approach

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Intrinsic Chawrme Mechanism for
T xclusive Diffraction Production

pp—J/Ypp
\J " F
we XJjp = Xe T Xe
ZO
HO Exclusive Diffractive
High-Xy Higgs Production
1-2005 Kopeliovitch, Schmidt, Soffer, sjb
0 8711A84
Intrinsic c¢ pair formed in color octet 8¢ in pro-
ton wavefunction  Large Color Dipole
Collision produces color-singlet J /1y through
color exchange RHIC Experiment
JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Intrinsic Chowrmv Mechanism for Exclusive

Diffraction Produrction
6.0
=
N
™ 4.0 -
N
N—"
=
A
2.0 -
P_ =TT\
-
="} ‘
== 7 \
0. S I §
%.O 0.2 04 0.6 0.8 1.0
7 Kopeliovitch, Schmidt, Soffer, sjb
JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Hadronigatiovw at the Amplitude Level

etTe — HTH 4+ X

Large Ay = |yg — yx|
_

‘Y Bjorken, Lu, sjb
’ Kopeliovich,
Schmidet, sjb

Timelike Pomeron. C=+ Gluonium Trajectory
Large Rapidity Gap Events

Crossing analog of Diffractive DIS eH —eH + X

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Hadronigatiovw at the Amplitude Level

B B Kopeliovich,
ete - HTH + X ool Schmidt, sjb
Large Ay = |yg — yx|
et
,y*
—
Timelike Odderon.
Large Rap:idity Gap Events =- Gluonium Trajectory
HTH~ asymmetry from Odderon-Pomeron
interference
JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Anti-Shadowing

1.2

| © EMC s E136
1.1-

* NMC + E665 ©
= O | T /ﬁs\is‘
= s Cf p
O

i s
m(\] 0.9 | ‘?, o D‘S[
0.8- C} 2 2
* Q=5 GeV
0.7 ——P—
0°001 0°01 O°1 M. Hirai, S. Kumano and T. H. Nagai,
. “Nuclear parton distribution functions
Shad()Wlng x and their uncertainties,"”
Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].
JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
SLAC
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Stodolsky
Pumplin, sjb

Nuclear Shadowing inv QCD o

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

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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The one-step and two-step processes in DIS

q on a nucleus.
(a) S
A p
—— . N Coherence at small Bjorken zp :
— 1/Mzp =2v/Q? > Ly.

g

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

D
(b) 3\

. = the g flux reaching No.
v
—_—— /( Nf

— Shadowing of the DIS nuclear structure
functions.

Observed HERA DDIS produces nuclear shadowing

Novel ISI and FSI QCD Interactions Stan Brodsky,

JLab Exclusive
SLAC
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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 Tawrget

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Origin of R Behawior of
D%MWWM@FWW

Antiquark interacts with target nucleus at

= 1
energy s « T Q

bj

Regge contribution: oy ~ soer—1

Nonsinglet Kuti-Weisskoff Fp,, — Fp, \/Ebj
at small xy;.

Landshoff, Polkinghorne, Short

Shadowing of og)s produces shadowing of Close, Gunion, sjb
nuclear structure function. Schmidt, Yang, Lu, sjb

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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O
‘III‘III‘III‘III‘III‘III‘III‘III‘III

» % Kuti-Weisskopf
eg9 behavior

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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The one-step and two-step processes in DIS
on a nucleus.

If the scattering on nucleon N7 is via
C = — Reggeon or Odderon exchange,
the one-step and two-step amplitudes are

| v constructive in phase, enhancing
> X the g flux reaching N»

Ng . = — Antishadowing of the |
A /v/ DIS nuclear structure functions

H.J. Lu, sjb
Schmidt, Yang, sjb

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Reggeon
Exchange

Phase of two-step amplitude relative to one
step:

%{1—2') xz’z%(z’—l—l)
Constructive Interference
Depends on quark flavor!
Thus antishadowing is not universal

Different for couplings of v*, Z0, W=

Novel ISI and FSI QCD Interactions Stan Brodsky,

JLab Exclusive
SLAC

May 24, 2007 47



0.6 |~

004 | | | 1 \‘ | | | 1 \‘
107° T
X

Predicted nuclear shadowing and and antishadowing at (2 = 1 GeV?

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].

Stan Brodsky,
SLAC

JLab Exclusive Novel ISI and FSI QCD Interactions
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Shadowing ond Antishadowing in 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 Un ' Jian-Jun Yang
e Antishadowing is Not Universal! e el

Electromagnetic and weak currents: Hung Jung Lu
different nuclear effects ! sjib
Potentially significant for NuTeV Anomaly}

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Shadowing and Antishadowing of DIS

Structure Functions

May 24, 2007
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Nuclear Effect not Universal!

Novel ISI and FSI QCD Interactions
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N — ut u- X at high xr

In the limit where (1-xr)Q? is fixed as Q% —

Entire pion wi
contributes to
hard process

JLab Exclusive
May 24, 2007

-

Virtual photon is
longitudinally
polarized

Berger and Brodsky, PRL 42 (1979) 940

Novel ISI and FSI QCD Interactions
52
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Berger, Lepage, sjb

>3
. g — 77 (q
2
4 Initial State
Interaction
p

S|

Pion appears directly in subprocess at large xr
AW of the piow s momentum is travsferved to-the lepton pair
Lepton Pair iy produced longitudinally polariged

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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w N — 7% + [T X at 80 GeV/c Dz'r;ct Sulbprol'essPlredic'tion_g

—gg—oc 1+ X cos?0 + p sin26 cos¢ + w sin’6 cos2¢.

2

d20' 2 2 4 <kT> )
1— 1+ +2 0

xd osp = (1—x,)*(1+cos*6) 9 -— sin’6|

(k#) =0.62 £0.16 GeV?/c?

Dramalic change inv

angulowr distributionw at o
Wg,e/x,if 04 05 06 07 08 09 |

X1
Chicago-Princeton
Collaboration

Phys.Rev.Lett.55:2649,1985

Example of a higher-twist
direct subprocess

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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pp — HX at high pr
Hadvow created fromv
jet fragmentation

Color Opaque

+ Nactive = 4

d _ F(zr,0c0m)
EdT(;(pN — mX) = pz;effM Neff= 2Nactive - 4
T

Neff= 4

[ren—



Bawryon cawv be made divectly within hawd, subbprocess

Bjorken

P Blankenbecler, Gunion, sjb
Coalescence B = 7 Hoyer, etBaf%(:;;]-ll)axclusive
within hard
subprocess dp(a1,w2,23) < N3 ap
u S P < u
g-J 8
Collisiov canv produce 3 Nactive = 6 qq — bq
collinear quarks Neff= 2Nactive ~ 4
\/
d Ner= 8
JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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Crucial Test of Leading -Twist QCD:
Scaling at fixed xr

Ec;lTap(pN X)) = E'(zr,000m)

pgef f
N =4
Bjorken scaling

Conformal scaling: neg = 2 nactive - 4

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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PQCD prediction: Modification of power fall-off due to-
DGLAP evolution and the Running Coupling

Neff

6 Pirner, Raufeisen, sjb
5.75
5.5 Eda(pNewX)—F(xgé%M)
5.25} Pr

5|
4.75} \ Neff ~ 4-5
4.5|
4 .25}

| 5 10 15 20 Pr (6eV)

Key test of PQCD: power fall-oft at fixed xr



1
do(hohy = hX) = Gapn, (20) Goyny (1) Aoy |Agi* dX Dy je(2c)dze.

abc

d*o(hehy — hX)  F(y,zg)

b d3p B p"%(yaxR) '
n = 2Ngctive — 4, Pirner, Raufeisen, sjb
dlnEdSO‘(had};;_)hX)
1etsPT) = = o) Reff ~ 4-5
Po(hahy = hX)  [a(pd)]" "7 (1 — gp)e— 14300 -
b d3 B 2 A(pr) " (Ken) f ()
p Pr Tp

E(pr) = Cr /p% dki& (k2) = 4Cr n In(p7/Adep)

T) — = 19 “s — :

k2 ki - Bo In(k2 R/ A2QCD)



pp — yX

Fecm,
Eda(ppﬁVX)— ( 4$T)

P

gu — yu

Nactive = 4

Neff= 2Nactive - 4

v _
v Mefr=4
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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 UA1 p+p \s=546GeV
A UAG6 p+p \s=24.3GeV

p+p collisions \s=20-200GeV

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

* R110 p+p \s=63GeV

¢a 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
- WAT0 p+p \s=22.96GeV

—h

Tannenbaum

xT-scaling of

direct photon

production is
consistent with

PQCD



Ed_U HX) =
d3p (pp — )

F(wTaQCM)

n
Tef
T
1 T 1T T T 7T T 7T 17 T T T T T T T N A B B S B B B
p— j— f— — —_— ‘ —_—
x X Tt - ,",. p
12 [ o nmmn 8 1T 9 3 mu gy ~ e T
g |- .‘.5 —_—_— 1L 4” ENAL 1L 4 FNAL ]
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d __F ,0
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- RHIC E j
6 | % \
; 3 d — F(zr,0
- @iﬁﬂﬂ% EdT(;(pp_)pX) = Llrefeu)
4 . pr
%}i 14
N éf ] Trend consistent withh RHIC
O |6O|€)9_|SZ:) | IR T 1 ] |xT| 1 L at X/T‘
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pauwticle ratio- changes witihvcentrality!

o 1'8: proton/pion ]
© 1.6 .
o i ]
141 ]
: I <« Central
1.2 7
1 _ _ O m Au+Au 0-10%
: n : A a  Au+Au 20-30%
0 8'_ ] o e Au+Au 60-92%
I A ] * p+p, \s =53 GeV, ISR
- 4& T h ---- e'e, gluon jets, DELPHI
0'6; ------ e*e’, quark jets, DELPHI
0.4F o | .
; #%" + +* LE <— Peripheral
0.2 7
ot ' Protons less absorbed
0 1 2 3 4 in nuclear collisions than pions!

p; (GeV/c)

Open (filled) points are for 7~ (1), respectively.



Bawryon cawv be made divectly within hawd, subbprocess

Bjorken

P Blankenbecler, Gunion, sjb
Coalescence B = 7 Hoyer, etBaf%(:;;]-ll)axclusive
within hard
subprocess dp(a1,w2,23) < N3 ap
u S P < u
g-J 8
Collisiov canv produce 3 Nactive = 6 qq — bq
collinear quarks Neff= 2Nactive ~ 4
\/
d Ner= 8
JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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tvidence for Direct, Higher-Twist
Subprocesses

* Anomalous power behavior at fixed xt

* Protons more likely to come from direct
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

e Exclusive-inclusive connection at X1 = I

JLab Exclusive Novel ISI and FSI QCD Interactions Stan Brodsky,
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((D Z v GZ )

e Diffractive DIS

* Non-Unitary Correction to DIS: Structure functions are not probability
distributions

* Nuclear Shadowing, Antishadowing- Not in Target WF
* Single Spin Asymmetries —- opposite sign in DY and DIS

e DY cos 2¢  distribution at leading twist from double ISI-- not given
by PQCD factorization -- breakdown of factorization!

e Wilson Line Effects not 1 even in LCG

* Must correct hard subprocesses for initial and final-state soft gluon
attachments

* Corrections to Handbag Approximation in DVCS
Hoyer, Marchal, Peigne, Sannino, sjb

JLab Exclusive Novel ISI and F Sz 2CD Interactions Stan Brodsky,
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