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Hot Topics inv QCD

* Intrinsic Heavy Quarks

* Breakdown of pQCD Leading-Twist Factorization
* Top/anti-Top asymmetry

* Non-universal antishadowing

* Demise of QCD Vacuum Condensates

* Elimination of the QCD Renormalization Scale Ambiguity

* AdS/QCD and Light-Front Holography

Crucial to-Understand QCD to-High Precision to-
IUwminate New Physics
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Next-to-Leading Order QCD Predictions for W + 3-Jet Distributions at Hadron Colliders

—_
OI

[pb/GeV ]

—
OI
(V]

do/dE_

—
@)
[

O =N WkruUud

pr = pr = Ep

Black Hat.

,UR:,UF:I:IT

0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500

e L L e e L -t r 0ttt

I . W +3jets+X  —- LO | I g W +3jets+X  —- 1O ]

-1

3 - _ — NLO 2 . W0'F L B — NLO =

- 1 Vs = 14 TeV ] > - Vs = 14 TeV ]

L o i (D) L — ]

_ L - @) _ — i

_ |_ ] - z _ — i
——L_ -1 &~ ——

= . s I 4 T 10E A E

n Mg = Mg = Ep | —— . . n Mg = Mg = Hp .

T | EY > 30Gev, 1M1 < 3 | I__l""'._ ’ Z C | BN > 30Gev, 101 <3 T

B e e I_'I—-—n ] b B e e 1

B E, >20GeV, In 1 <25 N Ve Vaﬂ?/a/tl\ﬁ,q 13| E, >20GeV, In 1 <25

E | B, >30Gev, M} > 20GeV ¢ = 0 E | £, >30Gev, M, > 20GeV

_ R = 04 [siscone] BlackHat+Sherpa i I / N _ R = 04 [siscone] BlackHat+Sherpa

I S T S [ S SN A S T S R A A S S

:— --- LO/NLO [ NLO scale dependenp_e__f 15— ——- LO/NLO I NLO scale dependence |

- %% LO scale dependen - i %% LO scale dependence

Z ; L A e ot

B B L D

- 1= &

r—J I WU IR R i

0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500

Second Jet ET [ GeV ]

Second Jet ET [ GeV ]

C. F. Berger, Z. Bern, L. J. Dixon, F. Febres Cordero, D. Forde, T. Gleisberg, H. Ita, D. A. Kosower, and D. Maitre

Warsaw

July 6, 2012 Hot Topics in QCD Phenomenology
b

3

Stan Brodsky Si A%

NATIONAL ACCELERATOR LABORATORY



Gooly

* Test QCD to maximum precision
* High precision determination of os(Q?) at all scales

e Relate observable to observable ——no scheme or scale

ambiguity

* Eliminate renormalization scale ambiguity in a
scheme-independent manner

* Relate renormalization schemes without ambiguity

* Maximize sensitivity to new physics at the colliders



Electron-Electronw Scattering inv QED

81s 81s
Mee——}ee(++;++) — "'"'"t"""' O!(t) | a(u)

t‘ “‘\

a0
a(t) = 1—%()@

Gell-Mann--Low Effective Charge



QED tffective Chawge

a0
a(t) = 1255

Al-orders lepton-loop corrections to-dressed photonw propagator

(6, 10) = NOFAG

Initial scale t, is arbitrary -- Variation gives RGE Equations

Physical renormalization scale t not arbitrary!

Warsaw
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Relation between scales of the
Gell -Mann--Low and MS schemes

2 1 2 2
1 _
mg 0 me

D. S. Hwang, sjb

M. Binger

Canv uge MS scheme inv QED; answery ave scheme independent
Analytic extension; coupling iy complex for timelike argument

Warsaw
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Electron-Electiron Scaltering inv QED

81s 87Ss

Meeﬁee(++;++) — """"t"""' a(t) | a(u)

Two separate physical scales: t, u = photon virtuality

B :
‘@ -0
Gauge Invariant. Dressed photon propagator : : \

= >
Sums all vacuum polarization, non-zero beta terms into running coupling. This

is the purpose of the running coupling!

If one chooses a different initial scale, one must sum an infinite number of
graphs -- but always recover same result!

Number of active leptons correctly set

Analytic: reproduces correct behavior at lepton mass thresholds

No renormalization scale ambiguity!




Features of BLM Scale Setting

On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.

Lepage, Mackenzie, sjb Phys.Rev.D28:228,1983

o “Principle of Maximum Conformality” D1 Giustino, W, sjb

e All terms associated with nonzero beta function summed into running
coupling

e Standard procedure in QED
¢ Resulting series identical to conformal series

¢ Renormalon n! growth of PQCD coefficients from beta function
eliminated!

o Scheme Independent !
¢ Ingeneral, BLM/PMC scales depend on all invariants

e Single Effective PMC scale at NLO



Another Example inv QED: Muonic Atoms

2
oy _ Zaggep(q)
V(ge) = D
q
2 — 2
Hp =
oy _ agpep(0)
(8%
QED(47) = T5R(2)
Scale is unique: Tested to ppm
Gyulassy: Higher Order VP verified to
0.1% precision in i Pb
Warsaw Hot Topics in QCD Phenomenolo Stan Brodsk el AL
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Q2 m2 A2 A2 m2
0 0<Tas<uo>> + B(Blog 7) + Dl(ggp) + B(=g32) + F(255) + G(oa)
Running Coupling
Scale-Free . Effects Intrinsic Hea
Conformal Series | | t Quarks vy
Sl
BLM/PMC: Absorb [-terms into running coupling
m2 AQCD AQCD m2
O = C(as(Q™)) + D(=5) + E(—557) + F( )+ G(—)
Q) @, m? m?
Q Q
Warsaw 1 AS
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@

Hoang, Kuhn, Teubner, sjb

863/4/4)} <11 7TCVS(82J2)}

Fy+F=[1- 0 %l
T 4v

Angular distributions of massive quarks close to threshold.

Example of Multiple BLM Scales
Need QCD coupling at small scales atlow

relative velocity v
Warsaw .. o1 A
July 6, 2012 Hot Topics in QCIIz) Phenomenology Stan Brodsky G~



Need to set multiple renormalization scales --
Lensing, DGLAP, ERBL Evolution ...

; ; . R, init
C'hoose renormalization scheme; e.qg. o (up")

inat.

C'hoose p'i5'"; arbitrary initial renormalization scale

'

Identify {8} — terms using ny — terms

through the PMC' — BLM correspondence principle

:

Shift scale of o, to piMC to eliminate {SE} — terms

}

Con formal Series

init

Result is independent of pp

and scheme at fixed order

PMC/BLM

No renormalization scale ambiguity

Result is independent of
Renormalization scheme
and initial scale

Apply to Evolution kernels,
hard subprocesses

Eliminates unnecessary systematic
uncertainty

Principle of Maximum Conformality

Warsaw
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Xing-Gang Wu
Leonardo di Giustino, S¥B

Ay (M- > 450 GeV)

- - - - Experimental asymmetry

PMC Prediction

Conventional: guess
renormalization scale and range

tt asymmetry predicted by pQCD NNLO within
1 o0 of CDF/D0 measurements using PMC/BLM scale setting

Eliminating the Renormalization Scale Ambiguity for Top-Pair Production. Xing-Gang Wu
Using the Principle of Maximum Conformality SYB

14



The Renormalizatiov Scale Problem

No renormalization scale ambiguity in QED

Gell Mann-Low QED Coupling defined from physical observable

Sums all Vacuum Polarization Contributions

Recover conformal series

Renormalization Scale in QED scheme: Identical to Photon Virtuality
Analytic: Reproduces lepton-pair thresholds -- number of active leptons set
Examples: muonic atoms, g-2, Lamb Shift

Time-like and Space-like QED Coupling related by analyticity

Uses Dressed Skeleton Expansion

Results are scheme independent!

Predictions for physical observalles
carmot be scheme dependent

Warsa
July 6 2‘2;12 Hot Topics in QCD Phenomenology Stan Brodsky
b
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Define QCD Coupling from Observalbles

Grunberg

Effective Charges: analytic at quark mass thresholds, finite at small momenta

R+ . (s)= 3qug [1 + OéRW(S)]

F(r — Xev)(m2) = Mo(r — udev) x [1 aT(:L%)]

Commensurate scale relations:
Relate observable to observable at commensurate scales

H.Lu, Rathsman, sjb

Warsaw . - -
July 6, 2012 Hot Topics in QCII6) Phenomenology Stan Brodsky 5L ,é\\-'



Relate Observalbles to-Each Other

e Eliminate

intermediate scheme

* No scale ambiguity

e Transitive!

e Commensurate Scale Relations

* Conformal Template

* Example: Generalized Crewther Relation

R _(0H)=3 3 e

[ o 57(0,0%) - o°(2,07)] =

Warsaw

July 6, 2012

flavors

Hot Topics in QCD Phenomenology
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Lu, Kataev, Gabadadze, Sjb

Generalised Crewther Relation

1+ ozR7(Ts*)][1 Ozgl(qz)] — 1

T

Vs* ~ 0.52Q

Conformal relation true to- all ovdersy inv
perturbation theory

No- radiative corrections to- axiold anomaly

Nonconformal terms set relative scales (BLM)
No renormalization scale ambiguity!

Both observables go through new quark thresholds
at commensurate scales!

Warsaw
Hot Topics in QCD Phenomenolo o1 AL



x(Q) _ a——i(cz) _f’} Q)) [ (_ ) __.43) - Lops (-g ; 43) fJ
90445 2737 121 127 143
{ 575 §3 _ _§5 ~ 135" ) C2 + (—Zé— — —1—2—C3 —Cs) CaCr — :.))ECF
970 224 11 29 19
[( 36 ﬁwz) Cat (g + 6o — 56 ) Cr| 1
2
151 1 2 (A1 1,7 detede (Zf @ ) |
(162 “~ 108" ) P (m B 5C3) Crd(R) 3:Q} [
2:(Q) _ ows(Q) | (ows(@))'[2B,, _Te, L f]
T 71' m 8 3
5437 1241 11 1
+ { rYr “—Cs) (—‘2‘3? + —Q‘CS) CaCF + 320F

3535 1 133 115 _,
[(_ﬁ_é_é — :2-(3 ——C5) Ca+ (864 —Cs) ] [+ é‘a‘gf }

Eliminate M Sbar,
Find Amazing Simplification
Warsaw .. ol A
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Relate Observalbles to-Each Other

Eliminate intermediate scheme
No scale ambiguity

Transitive!

Commensurate Scale Relations
Conformal Template

Example: Generalized Crewther Relation

C!R(Q) |

(i

R, (0H=3 3 e?|1+
flavors h

1
3

ga

gv

/O dz [g77(z, Q%) — g5" (=, Q%)] =

20



O!R(Q) |

T

R, (0H)=3 3 e |1+

flavors

Llga)
ng_ T

/0 dz [g7% (z, Q%) — gi™(z,Q?%)] =

([ T s T

ag, (Q) _ ar(Q*) (aR(Q**))Z N (aR(Q***))3

Geometric Series ivv Conformad QCD

Generaliged Crewther Relation

Lu, Kataev, Gabadadze, Sjb

Warsaw
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Define QCD Coupling from Observalbles

Grunberg

Effective Charges: analytic at quark mass thresholds, finite at small momenta

R+ . (s)= 3qug [1 + OéRW(S)]

F(r — Xev)(m2) = Mo(r — udev) x [1 aT(:L%)]

Commensurate scale relations:
Relate observable to observable at commensurate scales

H.Lu, Rathsman, sjb

Warsaw
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ar(M;) ar(Q*)

)
w n

Q" = M, exp [

19 169 C!R(M.,-)
24 128 T

Warsaw .. 1 AS
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ay, (1.67Q) ay(2.77Q)

/ \ ' / ‘\
ar(1.36Q) 7 _ N ay(Q) _“ap(0.614Q)
an
acrs(1.18Q) \ ag, (1 1/Q)
XM, (0.904Q)
JuffaZiz;‘:I » Hot Topics in QCD Phenomenology Stan Brodsky SL AC
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Transitivity Property of Renormalization Group
Relatiow of observalbles must be independent of intermediate scheme

A% C #B identicalto A # B
Violated by PMS!
Warsaw .. o1 A
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky T Ot
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Gooly

Test QCD to maximum precision
High precision determination of ~ @s(Q'at all scales

Relate observable to observable —no scheme or scale

ambiguity

Eliminate renormalization scale ambiguity in a scheme-
independent manner

Relate renormalization schemes without ambiguity

Maximize sensitivity to new physics at the colliders

20



@

Hoang, Kuhn, Teubner, sjb

863/4/4)} <11 7TCVS(82J2)}

Fy+F=[1- 0 %l
T 4v

Angular distributions of massive quarks close to threshold.

Example of Multiple BLM Scales
Need QCD coupling at small scales atlow

relative velocity v
Warsaw .. 1 A
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky G~
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Myths concerning scole setting

* Renormalization scale “unphysical”: No optimal physical scale
* (Can ignore possibility of multiple physical scales

* Accuracy of PQCD prediction can be judged by taking arbitrary guess

with an arbitrary range

* Factorization scale should be taken equal to renormalization scale

HF — KR

Guessing the scale: Wrong in QED. Scheme dependent!

28



O!R(Q) |

T

R, (0H)=3 3 e |1+

flavors

Llga)
ng_ T

/0 dz [g7% (z, Q%) — gi™(z,Q?%)] =

([ T s T

ag, (Q) _ ar(Q*) (aR(Q**))Z N (aR(Q***))3

Geometric Series inv Conformad QCD

Generaliged Crewther Relation

Lu, Kataev, Gabadadze, Sjb

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
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Lu, Kataev, Gabadadze, Sjb

Generalised Crewther Relation

1+ ozR7(Ts*)][1 Ozgl(qz)] — 1

T

Vs* ~ 0.52Q

Conformal relation true to- all ovdersy inv
perturbation theory

No- radiative corrections to- axiold anomaly

Nonconformal terms set relative scales (BLM)
No renormalization scale ambiguity!

Both observables go through new quark thresholds
at commensurate scales!

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky SL ’é\s
b NATIONAL ACCELERATOR LABORATORY
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ar(M;) ar(Q*)

)
w n

Q" = M, exp [

19 169 C!R(M.,-)
24 128 T
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July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky T Ot

3I



Qtp, (1.6
Q)
ax(2.77
Q)

a,-(1.36
Q) /
agrs(1 :\\ a |
18Q) / v /
\ | \
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Transitivity Property of Renormalization Group
Relatiow of observalbles must be independent of intermediate scheme

A% C #B identicalto A # B
Violated by PMS!
Warsaw .. o1 A
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky T Ot
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Hot Topicsy inv QCD
® |ntrinsic Heavy Quarks
® Breakdown of pQCD Leading-Twist Factorization
® Jop/anti-Top asymmetry
® Non-universal antishadowing

® Demise of QCD Vacuum Condensates

® Elimination of the QCD Renormalization Scale Ambiguity

® AdS/QCD and Light-Front Holography

Crucial to-Understand QCD to- Highv Precision to-
IUwminate New Physics

Warsaw
Hot Topics in QCD Phenomenolo Stan Brodsk el AR
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tach element of

Aash photograph
itluwminated
at some LF time

T=t+z/c

Evolve i LF time

d
P —
Zd’r

tigevstate -- independent of T

Measurements

HELEN BRADLEY - PHOTOGRAPHY

never at fixed time t 35




LW‘ FVO'M QCD Physical gauge: AT =0
Exact frame-independent formulatiow of

nonperturbative QCD!
QCD m2 -+ ki . = —
}fiLF1 ::::E::[ T ]i %_-E{LJT (a)
¢ p,s’ k,A
H": Matrix in Fock Space I
C'D e
Q W), >= M3 [Ty, > .
D, 5. >= > bn(wis ks Ao)|n; wi, ki, A > A
n—3 : § :
tigevwalues and Eigensolutions give Hadronic ko k.o
Spectiruwm and Light-Front wawvefunctions ©

LEFWPFs: Off-shell in P- and invariant mass ;%W ;zg%ij
36 Hznt



Light-Front QCD DLCQ

HYSP W, ) = M2 |wy) o
Heisenberg Matrix LC h Discretized Light-Cone
Formulation Quantization
1 2 4 5 6 7 8 9 10 11
n  Sector aqa aG9g | qiqdg | odaded | 9999 | 99099 | oGadgg |adadadg (aqaqaad
K,A
%L%\ 1
L_),SV' S p,S 2 a9
@ 3 qig
p,s’ K,A o
—— N\ 4 qaqg
VIV 5 999
K,A p,s
®) 6 qdgg
p.s p;s 7 qqqqg
% 8 qgqaqq
ko ko 9 9999
(© 3
10 agggg
11 qiaggg
12 qdqdqag
13 449999 qq

Eigenvalues and Eigensolutions give Hadron Spectrum
and Light-Front wavefunctions

Pauli, Hornbostel & sjb

e.g. solve QCD(1+1): arbitragy color, flavor, quark mass



Light-Front Wavefunctions: rigorous representation of composite systems in quantum
field theory. Eigenstates of QCD Light-Front Hamiltonian

Fixed T=t+4 z/c

||
Y
||
E
E

o, PT,2;P) +k,;

Process Independent
Direct Link to- QCD Lagrangion!

\Un(fl?i, EJ_ia )‘Z)

Inwawiont under boosty! Imdepe/mde/ntofPu

d>owy; =1

€ - ———-—

> ki ;=0

Warsaw
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o Light Front Wawvefunctions:

Lorce

c—o Vnlzi k1is Ai)

Momentum space ki < Z1  Position space
A 1 b L

x, ki, b o
) e T Transverse density in

T Ity i iti
ransverse density in position space

momentum space

Transverse

Longitudinal — f C.Q b 1

——  [dzx

—>— fC.2kJ_



Angular Momentunm o the Light-Front

n n—
J< = Z s+ Z ]% Conserved in each
. ’ — J LF Fock state
[< k! k29 n-1 orbital angular
j T ( J 8k2 J 8k]1-) momentag

Nongero-Anomalous Moment -->Nongero- ovbital angular momentuwm

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky S:_ AC
b
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Fixed T=t+4 z/c

Light-Front Wavefunctions
HESP 10, >= M2|T), >

p, S, >= Zlbn(%;,]gu,)\i)!n;%,lgu,)\i >

Eigenfunctions of the exact QCD LF Hamiltonian

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
v

Boost invariant! Independent of P+, P.

Compute all observables intrinsic to hadron from LFWF's
Form factors, structure functions, GPDs, transverse momentum distributions

DGLAP and ERBL Evolution Built In

No renormalization scale ambiguity: “Principle of Maximal Conformality”

LF Vacuum Trivial: In-Hadron Condensates -- Eliminate 1045 discrepancy with
cosmological constant

Pseudo-T-odd observables from Lensing
Angular Momentum Sum Rule for each Fock state

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACCELERATOR LABORATORY



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

Fixed T=t+4 z/c

||
Y
||
E
E

o, PT,2;P) +k,;

LFWFs: off irwawriant mass-shell, infinite # componenty
—>
\Un(fl?i, kJ_ia )‘Z)

Inwouriont under boosty! Independent of PV

d>owy; =1
> ki; =0,

q-—=—=—=—====

Warsaw

Hot Topics in QCD Phenomenol o1 AL
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Eigensolutions of the LF Ham:iltonian:
‘Pa 5, >= Z ‘Pn(xi, KLi, 7%‘) \n;kii, Ai >
n=3

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

The Light Front Fock State Wavetunctions
(i, zJ_ia Ai)

ﬂ
Yvy

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

kM KK
-xi = — —
19+ }X)*'[K P——+—<::
are boost invariant.
Sit=P* V=1, Vi =04

i Intrinsic heavy quarks 1( s(x) # s(x) : SR I
$(x), c(x), b(x) athigh x! || u(z) # d() | Coupled. infinite set

Mueller: gluonic Fock stateg >> BFKL ~ Nuclew: Hidden Color

YYYYY

U
(J\,
VIVVVVV




(

LIGHT-FRONT SCHRODINGER TQUATION

Direct cormnection to-QCD Lagrangiar

:

]

AT =

-0
Ei

Iy

ME—ZEE{W?)

i d’qﬁff -

”Dﬁm’ v

0

0

&+ = =

" {qql V |g)
(439| V |qq)

| M

{99 V |¢T9)
(gqg| V |agg)

-

-

Il

17 ﬁ?qﬁfﬁ |

Vosg/n

G.P. Lepage, sjb
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d(x)/u(x) for 0.015 < x < 0.35

225 r
: / m 866
2 r —A— A NA5I
B E866/NuSea (Drell-Yan) 175 F — MRS12
O CTEQ4m
1.5 F CTEQ6
d(z) # u(z) e
e » /
1
0.75 [ \/
0.5 |
025 F E866 Systematic Error
Intrinsic glue; seay ) b e
7’\60(/\/)/ qu/é/ 0 0.1 0.2 0.3 0.4 0.5 0.6
X
Ju\lzazs,i‘:)rlz Hot Topics in QCD Phenomenology Stan Brodsky SLAG
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HERMES: Two components to s(x,(Q>2)!

W. C.Chang and 9
J.-C. Peng

ar X1v:1104.2381 0

Oe HERMES

- s ==
- -
I I
-
- = =

— BHPS (u=0.5 GeV)
BHPS (1=0.3 GeV)

Extrinsic (DGILAP)

strangeness!

Intrinsic
strangeness!

A/Consistent with

IIIIII +I

L lns intrinsic charm

-1
10

Comparison of the HERMES z(s(x) 4+ 5(x)) data W%W the QCD
calculations based on the BHPS model. The solid and dashed curves

data

1 .
— scaling
Mg

are obtained by evolving the BHPS result to Q2 = 2.5 GeV? using
p = 0.5 GeV and p = 0.3 GeV, respectively. The normalizations of
the calculations are adjusted to fit the data at x > 0.1 with statistical
errors only, denoted by solid circles.

8(37, QQ) — S(CE, QQ)eXtrinsiC _I_ S(xj QQ)iIltI'iIlSiC 46



QCD (1/me?) scaling: predict IC

W. C. Chang and
J.-C. Peng

ar X1v:1104.2381

. isusv = Calculations of the ¢(x) distributions based on the BHPS
model. The solid curve corresponds to the calculation using Eq. 1
and the dashed and dotted curves are obtained by evolving the BHPS
result to Q? = 75 GeV? using = 3.0 GeV, and g = 0.5 GeV,
respectively. The normalization is set at

Consistent with E

| Q 0.1

0.08

0.06

0.04

0.02

—  BHPS
~~~" BHPS (u=3.0 GeV)
....... BHPS (u=0.5 GeV)

-
.
.
S
Y
", .
*
®

Intrinsac

0.8

Pee = 0.01.

MC

1
X

Charm,

47



10~

s B R

o~
o~
-+

75
15

T"

Jactorof3o!

1R 7S -. |
+ s 7 -
i ~y / \\ -
!
/A, \ e ]
e/ / N
A N\ 4 3UICICR ]
-1y \ ’
i !
| _
i I PGF \
W | Iy
i gluow splitting \
! (DGLAP)
107+L! 1 I | !
00 01 02 03 0.4

Measuwrement of Chawrmw
Structuwre Functiow

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

First Evidence for Intrinsic

Charm

P’k/

YYVYVYY

| 7y o !
DGLAP / Photon-Gluon Fusion: factor of 30 too small
Two- Componenty (separate evolution):

C(CB, QQ) — C(Qj, Qz)extrinaig _I_ C(CB, QQ)intI'il’lSiC



Do beavy quarks exist in the proton at bigh x?
Conventional wisdom: impossible!

Heavy quarks generated only at low x
~via DGLAP evolution.
from gluon splitting

s(z, pf) = c(x, pf) = b(w, pz) =0

at starting scale 4,

Corwenlional wisdom is wrong evesw inv QED!

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACCELERATOR LABORATORY
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Protowsy 5 -quark Fock State from gluow splitting
“Extringic” Heavy Quourks

S(ZC, QQ)extrinSiC ~ (1 o :E)g(a:, Q2) ~ (1 o $)5 50



Proton Self Energy from gluon-gluon scattering

QCD predicty Intrinsic Heovy Quarks!

T X (mé k‘i)l/2

*

L Q
I
;@
Probability (QED) « Migl Probability (QCD) M
3 2
o . (9= 2)y o = log —
Collins, Ellis, Gunion, Mueller, sjb T me

M. Polyakov, etal. from light-by-light scattering



Fixed .LF time
Protow 5 -quawk Fock State :

Intrinsic Heavy Quawrks
] E QCD predicty
= Intrinsic Heavy
Ii.— Quawks at highv !
S QT
— Minimal off-shellness
\/
T X (mé + k)12
Probability (QED) & Probability (QCD) Mlé

Collins, Ellis, Gunion, Mueller, sjb
M. Polyakov 52



BHPS: Hoyer, Peterson, Sakai, sjb

U o luudcc > Fluctuation in Proton
. > 2
R = . i ~DNocp
[\ e P QCD: Probability 52
B‘ — R _|_ _ _|_ - ° ° ° °
P, C, leTe ¢7¢~ > Fluctuation in Positroniun
~ 4
2 C QED: Probability ="«

Vi )
B g G

OPE derivation - M.Polyakov et al.

Q)

G3, F}, .
< p| m% p>vs. <plyzlp> cc in Color Octet

T mq

C . . Li —
Distribution peaks at equal rapidity (velocity) 2 R
Therefore heavy particles carry the largest mo- , ,

mentum fractions L@ X (mQ + k7 )

Highv x chauwm!  JLal: Chawrmwv at Thweshold

Action Principle: Minimum KE, maximal potential

1/2
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week ending

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

DO Measurement of ¥ + b + X and y + ¢ + X Production Cross Sections

in pp Collisions at \/s = 1.96 TeV —
pp— 7y +Q+X

y';yl(:l < 0
Yy+b+X

D@ _=1.0fb" W|<08

>0 |y|<10

- gr > 15 GeV

T"IYITIVYYIU

Ao (pp — yeX)
Ao (pp — vbX)

......................
-t

T it T

—
- N
| RS SRS L T]’YYY]’1‘(1’I‘[I"]TT1IYTY]’T‘IT]’YYY]YI"I’]T
1._
1
'l
—-o-e‘-o-—
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3
’
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]
)
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'
"
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n
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|

0.8+ : Ratio 1s insensitive
06 —* data / theory 3
' CTEQ6.6M PDF uncertainty | to gluon PDF,
04 -.-.== |CBHPS/CTEQ6.6M 3
02 E === IC sea-like / CTEQ6.6M 2 scales
»-‘ ............... Scaleuncenamty S ':-“1.‘.1.“1 ) : i
ssb YY" >0 <o
Yy+C+ X F y+C+ X
3¢ | 3 *
2.5 F ! -
43 3 *
1.5 g_ "”‘...-...--.--.+.:.-‘:.-:.': ------ -'_?“'-"'A:""'-‘.. ;... -ttt # ----------- “:l'-—-.-.:;_‘;-l-:‘--_-ﬁh"'.'
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p, (GeV)
Warsaw
J uly 6. 2012 Hot Topics in QCD Phenomenology Stan Brodsky SLA
’ ATYORAL ACCI SaTOm LAORATORY
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week ending

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

DO Measurement of ¥ + b + X and y + ¢ + X Production Cross Sections

in pp Collisions at \/s = 1.96 TeV —
pp— 7y +Q+X

gm —DO, L, =1.0f" |y <0.8 -y <0
=16 yy* >0 ly]<1.0 E Y+b+ X
S14fF Y+b+X Py >15GeV ¢ Acg(D
S,ab L ............... s + * 1{ ................................. . o(pp — veX)
el TR, S e )t N I S ~
N “* mEETRAT "{—’*"""“ 1 Ao (pp — vbX)
0.8 e —— E. R ol .
oF data / theory ] Ratio 1s insensitive
Il = CTEQ6.6M PDF uncentainty [
0.4 -.-.v= |CBHPS/CTEQ6.6M - to gluon PDF,
L. mevmen - IC sea-like / CTEQ6.6M =
P2 e Scale uncertaimy TP SO scales
asb VY >0 Yy <0
. E Y +C+ X H
25F : "1 .
oF Signal for
E [ J [ J [ J [ J ([ J
15} significant intrinsic
1E charm
0.5F -
: | atx>o0.1?
40 60 80 100 120 140 40 60 80 100 120r (1G4 V)
p' (Ge
Two- Componenty (separate evolulbton).  (Needto evolve IC with
2\ 2 2 nonzero quark mass)
C(CE, Q ) — C(ij Q )extrinsic T C(ZIZ‘, Q )intrinsic
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Hoyer, Peterson, Sakai, sijb
Intrinsic Heavy-Quawk FOOk/Snybt%/ |

* Rigorous prediction of QCD, OPE

u B,
R LL{‘B )
¢ Color-Octet Color-Octet Fock State! - -
P c
4539 E
* Probability Fog o< iz Fogea ™~ iFaq  Pap=1% \ J&——
G

2-2005
8711A82

® Large Effect at bigh x and at threshold!

* Greatly increases kinematics of colliders such as Higgs production

(Kopeliovich, Schmidt, Soffer, Goldhaber, sjb)

* Severely underestimated in conventional parameterizations of heavy quark
distributions (Except CTEQ)

* Important corrections to penguin contributions to B-meson weak decays

(Gardner, sjb)
* Slow evolution compared to extrinsic quarks from gluon splitting]

* Many empirical tests at JLAB 12, COMPASS
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i k] ] ] ! T I T T
10> ;— ;
3 10° =
-_ N j
> - .
E_ i °..,‘... |
S 10 ay active ¢, ~
- tspectator ¢ ' ]
Z,’ \. fusion §
X \ .
- \' -

|('_)0 1 ! | I N 1 | 1

0 0.2 0.4 0.6 0.8 1.0
| %]
Barger, Halzen, Keung

Move evidence for chawrm at large x
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0.5

W. C. Chang and
J.-C. Peng

ar X1v:1104.2381 0

Warsaw
July 6, 2012

'. T e E866 H HERMES

= BHPS (1=0.5 GeV, Q°=54 GeV?)
= = BHPS (u=0.3 GeV, Q’*=54 GeV?)
= = = = BHPS (u=0.5 GeV, Q*’=2.5 GeV?)
=+ =+ BHPS (u=0.3 GeV, Q*’=2.5 GeV?)

- ¢ N
~
~ . ~ o
TN NG
L4 \~
ﬁ. \\
%n.' \. ‘-
' :'““M“N ~~~-
~

I
0 0.1 0.2 0.3

Figure 1: Comparison of the d(x)—u(z) data from Fermilab E866 and

HERMES with the calculations based on the BHPS model. Eq. 1 x

and Eq. 3 were used to calculate the d(z) — @(z) distribution at
the initial scale. The distribution was then evolved to the Q? of
the experiments and shown as various curves. Two different initial
scales, u = 0.5 and 0.3 GeV, were used for the E866 calculations in
order to illustrate the dependence on the choice of the initial scale.

Hot Topics in QCI§ Phenomenology
5

Stan Brodsky



() +d(z) — s(x) — 5(x)]

=
=g

® HERMES+CTEQ
— BHPS (u=0.5 GeV)
""" BHPS (1=0.3 GeV)

x(d+u-s-s)
o
W
|

=
N

0.1
W. C. Chang and
J.-C. Peng
0 | Coy il | |I I| Craa
10 10" 1

Comparison of the z(d(z)+%(x)—s(x)—5(x)) data with the
calculations based on the BHPS model. The values of x(s(x)+ 5(x))
are from the HERMES experiment [6], and those of z(d(x) + @(x))
are obtained from the PDF set CTEQ6.6 [11]. The solid and dashed
curves are obtained by evolving the BHPS result to Q2 = 2.5 GeV?
using u = 0.5 GeV and pu = 0.3 GeV, respectively. The normalization
of the calculations are adjusted to fit the data.
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Measwre strangeness distributionw
inv Semi-Inclusive DIS at JLab-
Is s(x) = §(x)?
* Non-symmetric strange and antistrange sea?
* Non-perturbative physics; e.g luudss >~ |A(uds) KT (5u) >

® Crucial for interpreting NuTeV anomaly
"

!

—{
N

Tag quark flavor in semi-inclusive DIS ep — e KT X

60
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e EMC data: c¢(z,Q?) > 30 x DGLAP
Q2 =75 GeV?, x = 0.42

e High zp pp — J/¢¥X
CERN NAj3

e High zp pp — J/YJ/9X

e High zr pp — N X ISR

Intrinsic Bottom!

o High zp pp — Ay X Zichichi, Cifarelli, et al.

e High zp pp — =(ced) X (SELEX) FermiLab

IC Structure Function: Critical Measurement for EIC

Many interesting spin, charge asymmetry, spectator effects

o1



Excitation of Intrinsic Heovy Quawks inv Protov

Amplitude maximal at small invariant mass, equal rapidity

LAY do
> oM
9 J

Lj

pp — J/ WYX
dyJ /) ( / J-P Lar)nsberg, sjb

Heawvy Quawvkonivwm produced inv TARGET rapidity regiovw
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S _
—— 2 — —» D (c5)
p—l —0>
5 T > D; (cs)
6’/\\6

Look for D (¢s) vs. DI (cs) asymmetry
Reflects s vs. 5 asymmetry in proton |uudss > Fock LF state.

Asymmetry natural from |KTA > excitation Ma, sjb

Assumes symmetric charm and anti-charm distributions



Dissociate proton to high xr heavy-quark pair

v*'p — Ac(cdd) + D(eu),v*p — Ap(bud) B (bu)

Test intrinsic chowmy, bottomy



— =D Lansberg, sjb

€ €
Dissociate proton to high xr Quarkonium:

Y'p— J/Y+p

> U
— U fy* p— Y+ p/
- I—> C
I' f
‘ —
it ) . ored since Collins, Ellis,
B pow W Gunion,Mueller, sjb
‘p > | (UUd)SC (CC)SC > M. Polyakov et al.

Test intrinsic chawrm, bottom 65
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Yp — J / w D Chudakov, Hoyer, Laget, sjb

[y
=]

o(yN — J/ elastic) nb

Cornell

y ] y
JRIRE
p-O_TZ‘L\Q
(b)

Dominont near
thweshold

o0 1

8 10 12 14 16 18
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pp — Np(bud)B(bg) X at large xp

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

140 280) :
&) . Associated e/ 400+  b)  Associated e~
1204 240 ‘J‘L:L\: M
X
“o 100F v 2001 )
% z 1 N 300
- = r i, "..
S 801 R 160r ’ Y
@ % [
g & i 200
'E 60 S 120+ i
P
R = r
= .E I
g =
S 40r s 80
100-
20 40+
In | I 1 1 | 1 | | | | 0 ! 1| | | a T [} |
o 3.0 4.5 55 6.5 7.5 2 3 4 D 6 7 8 9 2 _
m [p(K " n'] (GeV/ic™) m [(pK ") n w1 (GeV/c?)
- 0 +, =
/\g%pDOw Npg = Nermmn™m

Il Nuovo Cimento 104, 1787

First Evidence for Intrinsic Bottom/!
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CM-P00063074

THE A,° BEAUTY BARYON PRODUCTION IN PROTON-PROTON
INTERACTIONS AT +Vs=62 GeV: A SECOND OBSERVATION

G. Bari, M. Basile, G. Bruni, G. Cara Romeo, R. Casaccia, L. Cifarelli,
F. Cindolo, A. Contin, G. D’Alj, C. Del Papa, S. De Pasquale, P. Giusti,
G. Iacobucci, G. Maccarrone, T. Massam, R. Nania, F. Palmonari,
G. Sartorelli, G. Susinno, L. Votano and A. Zichichi

CERN, Geneva, Switzerland
Dipartimento di Fisica dell’Universita, Bologna, Italy
Dipartimento di Fisica dell’Universita, Cosenza, Italy
Istituto di Fisica dell’Universita, Palermo, Italy
Istituto Nazionale di Fisica Nucleare, Bologna, Italy
Istituto Nazionale di Fisica Nucleare, LNF, Frascati, Italy

Abstract

Another decay mode of the A,° (open-beauty baryon) state has been observed:
Ay’ - A . In addition, new results on the previously observed decay channel,
A° — pD°rn’, are reported. These results confirm our previous findings on A°
production at the ISR. The mass value (5.6 GeV/c?) is found to be in good agreement
with theoretical predictions. The production mechanism is found to be “leading”.

First Evidence for Intrinsic Bottom/!
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Production of Two- Chowwrmoniov
al Highv xr

u
-
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F |
All events have T o > 0.4 |

/
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Fig. 3. The 44 pair distributions are shown in (a) and (¢) 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 #— N data at 150 and 280 GeV/c [1]. The
Xy distributions are normalized to the number of pairs from both
pion beams (a) and the number of pairs from the 400 GeV proton
measurement (c). The number of single J/i’s is twice the number

of pairs.

NAj3 Data

70

Excludes PYTHIA
‘color drag’ model

A — J/yJ /yX
R, Vogt, sjb

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

ap;
H?:l dxfdz kTJ

3(22;1 kr)8(1 — 3 1L xi)
(mj — Yo, (mf; /%)% 7

= naj:(Mc'E)
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Intrinsic Chawrmv Mechanism for Exclusive

Diffraction Production
a N pp—J/Wpp
s=¥
> C _
> c e Koy = Xe T Xe
O
ﬁo Exclusive Diffractive
High-Xr Higgs Production
P
. Ty Kopeliovitch,
Schmidt, Soffer, sjb

Intrinsic cc pair formed 1n color octet 8¢ 1n pro-
ton wavefunction  Large Color Dipole
Collision produces color-singlet J/y through

color exchange RHIC Experiment
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Intrinsic Chawrm Mechoanism for Inclusive
High-Xr Quawkoniwm Productiov

pp — J/YX

>

>
>

————®— J/u

%

Goldhaber, Kopeliovich, Soffer,
Schmidt, sjb
Quarkonia can have 80% of Proton Momentum!

Color-octet IC interacts at front surface of nucleus

IC can explains large excess of quarkonia at large xr, A-dependence
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Intrinsic Chowrmv Mechanism for Inclusive
H!:QJ’VXF HW?VOMLOW

>

_ < pp — HX
C
C g ‘ o
< ) p
Goldhaber, Kopeliovich,
Also: intrinsic bottom, top Schmidt, sjb

Higgs can have 80% of Proton Momentum!

New seawch strategy for Higgs
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Intrinsic Bottom Contribution to-Inclusive
Higgs Production

d
50 - dz (PP — HX)[fO]
40 -
S 30
><LL
1
6 20-
© Tevatron \/E = 2TeV
10 -
O'I’/'I'I'I'I'I'I'I'\I'I
0,78 080 082 084 086 088 090 092 094 096 0,98
X Goldhaber, Kopeliovich,
Schmidt, sjb
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The cross section of the reaction pp — Hp + p as a
function of the Higgs mass. Contributions of IC (dashed line), I
(dotted line), and IT (solid line).




800 GeV p-A (FNAL) o,=0,*A" M. Leitch
PRL 84 3256 (2000); PRL 72, 2542 (1994)

| . opencharm: no A-dep -
1.0 | 1 at mid-rapidity . dxF (pA —> J/@DX)
0s | 2 EEI%ﬁ :
_ Eﬁ ] Remawkably Strong Nuclear
08 | = | | Dependence for Fast Chawrmonium
| ® Jhy = E__
-E (E783] UE +
07 - -
EBB6/Nu Sea —1 I Violation of PQCD Factorigation
BOD GeV p + A —> Jhy '
o Lt
0.0 0.2 0.4 0.6 0.8 1.0
XF - X1 -X2

Violation of factorization in charm hadroproduction.

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

IC Explains large excess of quarkonia at large xr, A-dependence
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J/@ nuclear dependence vrs rapidity, XAy, XF M Leitch
PHENIX compared to lower energy measurements

JM s p e PHENIX Preluninary JW > ' PHENIX Preliminary

1.1 11
E866: PRL 84, 3256 (2000)
NA3: ZP C20, 101 (1983)
1.0 I @ ! |
. |
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¥ | |
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09 + I ‘::: . . *,. [ . HW
. . ‘ 0.9 | . . . (s Z P_L_/ )

X os | | .
: o : | effect
0.7 d 08 o :
BOEUN —
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06 @ PHENIX u'p Co00 (J
W PHENIX e (7 0.7 NAS (19
@ PHENIX '} \
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05 ¢ e
10 X 10
g 06
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Klein,Vogt, PRL 91:142301,2003 X
Kopeliovich, NP A696:669,2001 ‘

Violati CD o
Lo atesTRL 4o (pA — JJpX)

Hoyer, Sukhatme, Vanttinen

Violates PQCD Factgriza,tion: A%(xp) not A%(x2)
7



Kopeliovich,
Colov-Opaque IC Fock state.  schmidt, Goldhaber,

interacty onv nuucleow front suwfoces  Soffer, sjb

Scattering o front-face nucleonw produces color-singlet ccpaiv

Octet-Octet IC Fock State No- absovption of
small color-singlet

G (pA — J/YX) = A3 x 2 (pN — J/¢X)
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—~ 45
=0 J. Badier et al, NA3
370 TA — J/YX
S L ’ d
8 ast 4o (pA — JjpX) = AVITL 4 42/3772)
2. | ’ F 9 T
15 :«B | L] ’ 0' ¢
Ll L l, , .81 1
R 7 A2/3 component
3 4.5
Egaés: pA — J/PX iP(!bE}JLI/‘kL$?
< 3k
Sast | Consistent with
[ onsisti
st * + color -octet intrinsic
1. : +
2'5 | + | 1 + | ‘ chowmwy
) 0.2 0.4 0.6 0.8 1.

p 200 GeV/c

Excess beyond conventional gluon-splitting PQCD

subprocesses %o



NAGO pA data @ 158GeV

d
da (pA — J/9pX) o A°
X F
14—
1o | | 1 v
SR e
1 { ]
- 111:1 --
0.951 T"I.;-T-'. JF
i HHH 800 GeV
0.9 : { T /
- 1 | 'P
0.851 /l' } \
B -1
0.8 156 Gev 3
U.T%Z L1 | | | | | il *.
A4 02 0 02 04 06 0.8
X

Clear dependence
on xr and
beam energy
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12

10

d
T (pA — J/pX) = ALdoL | p2/3T72/3

Protons 200 GeV/c

Hard component dch/dx

F

Tp dr

for incident protons (a) and pionmns

(b) (the curves are the result of the fit described in the text.

Dashed line:

full line

total).

gluon—-gluon fusion; dash-dotted line

0.
go
><17.5—
3. | ~ 150 GeV/c
L«
o]

n* 200 GeV/c

n~ 200 GeV/c

-----

n~ 280 GeV/¢

: qa fusion;

Al component
consistent with sum of

gg and qq fusion
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e IC Explains Anomalous a(xgp) not a(xs)
dependence of pA — J/¢Y X
(Mueller, Gunion, Tang, SJB)

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

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

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

Higgs production at xr = 0.8



Yp — J / w D Chudakov, Hoyer, Laget, sjb
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Why is IQ Impovtoant for Flavor 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, ccd, bcec,

bbb, at high xr

Intrinsic charm -- long distance contribution to penguin
mechanisms for weak decay Gardner; sjb

J / w N pﬂ- puzzle explained Karliner , sjb

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

New mechanisms for high xr Higgs hadroproduction

Dynamics of b production: LHCb New Multi-leptow Signaly

Fixed target program at LHC: produce bbb states

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACGELERATOR LABORATORY



/ TeV proton beam collisions on a proton or nuclear target — Extra
beam with Crystals -

O

AFTER @ LHC

Minimal effects on the collider

Equivalent to Ecm = | 15 GeV
Nuclear and Polarized Targets
Nuclear Beams: Produce QGP in Rest Frame of Target Nucleus
Study Dynamics at extreme rapidities: Xr = -1

Secondary Beams — Even B and D

Diffraction on Nucleons and Nucleus

Cosmic Ray Simulations

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACCELERATOR LABORATORY



A Compelling Idea for QCD:

Utilige the High-Energy LHC protonw and
nuclear beams inv av fured-tawrget mode

D)

AFTER @ LHC

A Fixed-Target ExpeRiment

A new hadron physics laboratory for studying ond testing QCD

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACCEL ERATOR LABORATORY



@ Both p and Pb LHC beams can be extracted without disturbing
the other experiments

@ Extracting a few per cent of the beam — 5 x 108 protons per sec

@ This allows for high luminosity pp, pA and PbA collisions at
\/g — 115 GeV and \/ENN — 72 GeV
@ Example: precision quarkonium studies taking advantage of

@ high luminosity (reach in y, Py, small BR channels)
e target versatility (CNM effects, strongly limited at colliders)
@ modern detection techniques (e.g. v detection with high multiplicity)

@ This would likely prepare the ground for g(x, Q%) extraction

@ A wealth of possible measurements:
DY, Open b/ c, jet correlation, UPC... (not mentioning secondary beams)

@ Planned LHC long shutdown (< 2020 ?) could be used to install
the extraction system

@ \Very good complementarity with electron-ion programs

Warsaw
Hot Topics in QCD Phenomenol ol AL
July 6, 2012 P Q Qg omenotosy Stan Brodsky G~



Fixed Target Physics with the
LHC Beams

7 TeV proton beam, nuclear beams

Full Range of Nuclear and Polarized Targets
Cosmic Ray simulations!

Single-Spin Asymmetries, Transversity Studies, An
High-xr Dynamics

High-xr Heavy Quark Phenomena

Production of ccq to ccc to bbb baryons
Quark-Gluon Plasma in Nuclear Rest System

Anti-Shadowing: Flavor Specific?

89



Nuclear Collisions with AFTER

Nucleus-Nucleus and Proton-Nucleus Scattering in Lab
Frame Look at Target Fragmentation Region xp=-1

What happens to Target Nucleus when QGP is formed?
Ridge at extreme rapidity

What are the critical parameters for the onset of QGP
Light-Front Description: Frame-Independent

Use Fool’s ISR Frame -- No Lorentz Contraction of
LFWF

Energy Loss Studies, LPM, Non-Abelian
Quarkonium Production, Polarization

Open charm, bottom

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACGELERATOR LABORATORY



Diffractive Dissociationw of Piovw into-

Quauwk Jety
E791 Ashery et al.
by ~0 (1/k; )
¢ X1 kj1
T —> :
T Xo, ka
A A

82
M o 32,{11%(% kJ_)
Measwre Light-Front Wawvefunctiow of Piow

Minimal momentum transfer to- nuclews
Nucleuws left Intact!

Warsaw L
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky Si AL
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E791 FNAL Diffractive DiJet

b, ~0 (1/k, )
l SELYS
-
T >
T Xo, Kio
A A

Gunion, Frankfurt, Mueller, Strikman, sjb
Frankfurt, Miller, Strikman

Two—-gluonw exchange measures the second derivative of the piovw

light-front wawefunctio
q
2
X T, k
M
|
e
Warsaw .. 1 AS
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky T Ot
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Diffractive Dissociatiow of Protown
into- Thwee Quawk Jety

by ~0 (1/ky) T3, k13

E ¢ -, /”ka:u
v T \Xzs Ko

A A’

Measwre Light-Front Wowefunctiow of Protonw

Minimal momentum trovvusfer to- nuclews
Nucleus left Intact!

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACCEL ERATOR LABORATORY
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Key Ingredienty inv E791 Experiment

by ~0 (1/k; )
l X1, Kus Brodsky Mueller
T < R Frankfurt Miller Strikman
T Xo, K15
A A’

Small colov-dipole moment piow not absorbed;
interacty withv each nucleow coherently
QCD COLOR Travvsparency

B ot M= A My

—Q@— ¢ G (rA — qqA') = A2 L (xN — qgN') F3(t)

A/
A Target left intact
K7 J Diffraction, Rapidity gap
Warsaw .. ey
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky T Ot
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E~791 Diffractive Di-Jet transverse momentum distribution

Py
J10° ddkfp Two Components
% +++ —  1.=65
~
S , High Transverse momentuwmn
10% — Gaussian dependence consistent with PQCD, ko 6.5
ERBL Evolution
107
i Gaussion component similar
2 }l to-AdS/CFT HO LFWF
107 *

i | [ | ‘ | ‘ I ‘ I
1T 1.2 14 16 1.8 2 22 24 26 28 3
kT ( GeV)

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACCELERATOR LABORATORY
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E~791 Diffractive Di-Jet transverse momentum distribution

Py
J10° ddkfp Two Components
% +++ —  1.=65
~
S , High Transverse momentuwmn
10% — Gaussian dependence consistent with PQCD, ko 6.5
ERBL Evolution
107
i Gaussion component similar
2 }l to-AdS/CFT HO LFWF
107 *

i | [ | ‘ | ‘ I ‘ I
1T 1.2 14 16 1.8 2 22 24 26 28 3
kT ( GeV)

Warsaw
July 6, 2012 Hot Topics in QC6D Phenomenology Stan Brodsky ST AL
b NATIONAL ACCELERATOR LABORATORY
9



e Fully coherent interactions between pion and nucleons.

e Emerging Di-Jets do not interact with nucleus.

M(A) = A- M(N)

do 2 2
L5 ox A ~ ()
dgz u
o ox A4/3
225 [— 450 |—
- Nuclear coherence -
200 [ 400 - Nuclear coherence
175 Pt 350 ff C
'-. 1p2 2 m
150§ Dr 2 —5R45q 300 |
.: FA(qJ_)Ne 31AY | !k
D125 L 250 N
= - = i
o) : o -
5 100 :::: % 200:__ I-
E TN
: 190k | H*«* M
:_ 100;:_._:‘-—__““ H""il.i
- C 8 R RREE g W
= 50" ey i H P it
C - SR e Lo
0: | |+r peeeas ! hThﬂJH EI‘TT“Jt*—L——L——{-vﬁ
0 0.1 0.2 0.3 0.4 0 0.2 0.4 0.6 0.8
q,2 (GeV/c)? q,2 (GeV/c)?
Warsaw Hot Topics in QCD Ph 1 Stan Brodsk
July 6, 2012 ot Topics in Q enomenology tan Brodsky
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Mueller, sjb; Bertsch et al;
Frankfurt, Miller, Strikman

Measure piow LFWF v diffractive dijet production
Confurmatiow of color transparency

A-Dependence results: oo A®
k; range (GeV /c) . a (CT)
1.25 < k< 1.5 1.64 40.06 -0.12 1.25
1.5 < k< 2.0 1.52 + 0.12 1.45
Ashery E791

2.0 < k< 2.5 1.55 = 0.16 1.60

« (Incoh.) = 0.70 + 0.1

Corwentional Glauber Theory Ruled Out ! Factor of 7

Warsaw
J uly 6. 2012 Hot Topics in QCD Phenomenology Stan Brodsky :—;L ,é\s
9

NATIONAL ACCELERATOR LABORATORY



Color Transparency

Bertsch, Gunion,
Goldhaber, sjb

A. H. Mueller, sjb

* Fundamental test of gauge theory in hadron

physics

* Small color dipole moments interact weakly in
nuclei

* Complete coherence at high energies

® Clear Demonstration of CT from Diffractive
Di-Jets

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACCELERATOR LABORATORY



w _N — 1 + 7 _X at 80 Gev / C I‘)z'rectgubprol‘essPrIedictiolna |
1.2 / ~
-g-g—oc 1+ X cos?0 + p sin20 cos¢ + w sin®0 cos2¢p.  0.8F | ’ } | -
0.4}
d2(T _ 2 2 4 (k%> . 2
dx,,dcos()ocx“ (1—x,)°(1+cos*) + g g2 Sin 6| ¢
A OF
(k%) =0.62 +0.16 GeV?/c? _0.ak
2 2 —
Q=M oal Tw = Tg
Dramalic change inv angudar oL
distribution at large xr |
1 1 | 1

-
04 05 06 07 08 09 A1
X1
Chicago-Princeton

Example of a higher-twist

direct subprocess Collaboration

M arvy Te/gty atl A FTER Phys.Rev.Lett.55:2649,1985
Warsaw Topics in QCD Ph 1 SLALS
July 6, 2012 Hot Topics in Q °D enomenology Stan Brodsky G~



m N — ut u- X at high xp

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

Distribution amplitude from AdS/CFT

Entire pion wi
contributes to I
hard process

Virtual photon 1s
longitudinally
polarized

° ° ° ° ° ° Berger’ Sib
Similar bigher twist terms in jet,  Knoze, Brandenburg, Muller, sjb

badronization at large _ Hoyer Vanttinen

Warsaw
t Topics in D Phenomenolo ol A
July 6, 2012 HotTopics in QCD Phenomenology  Stan Brodsky oA



Berger, Lepage, sjb

T 1
*
) g — 7 q
2
_ ¢ .
Initial State
Interaction
p —
> 1
>

Pion appears directly in subprocess at large xr
AW of the piow sy momentum is transferred to-the lepton paiv
Lepton Pair iy produced longitudinally polarized

Warsaw
. s ol AL
July 6, 2012 Hot Topics in Q(I](I))zPhenomenology Stan Brodsky G~



|P> 5, >= z ‘Pn(xi,]_éu, 7%) \n;l_éi,-, Ai >
n=3

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

The Light Front Fock State Wavetunctions
(i, zJ_ia Ai)

ﬂ
Yvy

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

ki k) +k
= =— =

. p+ = PP + P? P‘C
are boost invariant.

n = n == n_’J___’J_
;kf_zﬁ, ;x,_l,;ki =0~ . .

YYYYY

(J\,
VIVVVVV

i Intrinsic heavy qowwk&\ f s(x) # s(x) : FocedoLF b
. _ l/}b@d/ une
c(x), b(x) at bigh x ! J| u(@) # d(=z)
Mueller: gluon Fock states BFKL Pomeron Hidden Colov

103



Bjorken, Kogut, Soper; Blankenbecler, Gunion, sjb;
Blankenbecler, Schmidt

Crucial Test of Leading -Twist QCD:
Scaling at fixed xr

dO’ F(.CIZ‘T ecm) 9
F— HX) = ’ _ 21
dgp (pp — ) p’frz?i’eff \/g

Parton model: nes = 4

As fundamental as Bjorken scaling 1n DIS

scaling law: neg = 2 Nactive - 4

104



Dimensional analysis

Scattering amplitude 1 2--- — ... n has dimension

M ~ [length]"™*

Consequence

In a conformal theory (no intrinsic scale), scaling of inclusive particle
production

2
do ‘./\/l| F(x,,9)
E dTp (A B — C X) ~J 52 — pinactive_4

where n,ctive 1S the number of fields participating to the hard process

X, =2p, /+/s and 9°™: ratios of invariants

Nactive — 4 — Neff — 1

105



u

Nactive = 4

Neff= 2Nactive ~ 4

Neff= 4

100



\/EnE%(pp — ~vX) at fixed xp

Tannenbaum

A —
D 1 0193 p+p collisions Ns=20-1800GeV
(9 =
> = ® DO p+p s=1800GeV
[}] 18 [1 CDF p+p \s=1800GeV
g 10 = B UA2 p+p \s=630GeV
O 17F O UAT1 p+p \s=630GeV
10 = A UA1 p+p \5=546GeV
o - A UAG6 p+p \s=24.3GeV
B 4n'SC
oo\b 10 s
O 15
ul 10 =
_— ~ ° °
2 10"C xT-scaling of direct
13 photon production:
10 =
— [ ] (]
10" consistent with
10" - P Q CD
10F
10 = p+p collisions \s=20-200GeV
of ¥ PHENIX-Run3 p+p \s=200GeV
10 = 0 R806 p+p \s=63GeV
ol * R110 p+p \s=63GeV
10 = &5 E706 p+p \s=38.7GeV
= ¥ E706 p+p \s=31.5GeV
1 07 _ + UAG6 p+p \s=24.3GeV
= X NA24 p+p \s=23.75GeV
1 06 [ . WAZ70 p+p s=22.96GeV
EI I I I I N I I I I [ 1 |
-2 1
10 10

X 107



QCD prediction: Modification of power fall-off due to-
DGLAP evolution and the Running Coupling

n(x,)

, I

do

d3p/E

_ F(x.,y)

n(x | )

P

- — photon

- — pion

—

INCLNLO

CTEQ6.6 PDF |
DSS/BFG FF
scales=p, ]
y=0 |

-2

Arleo, 10

Hwang, Sickles, sjb

Pirner, Raufeisen, sjb

-1

10

X

Key test of PQCD: power - *
Llow foll-off at fixed xr

pp — TX

pp — yX

b<p <20 GeV

70 GeV < /s <4 TeV

108



_ F(Q?T,Hcm :7'('/2)

E— HX) =
24 = | I | T
e P elastic

20 o3 L

6 F e -~ s

Cleow evidence for
n o le y ] higher-twist

8 7 contributions

4 rr = 2pr/V'S E

O i | ] ]

O 0.2 04 0.6 0.8 1.0
J. W. Cronin, SSI 1974

16 | | |

2 o7 o -

Chicago-Princeton FNA
n 8 |- -
4 _
rr = 2pr/V/'S
0 | |
0.2 04 0.6 0.8
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N

10

do F(xp,0cpm = 7/2)

E—»(pp— HX) =

e (pp ) o
Vs=38.8/31.6 GeV E706

Vs=62.4/22.4 GeV PHENIX/FNAL/

Vs=62.8/52.7 GeV R806

- © Vs=52.7/30.6 GeV R806 .

i Vs=200/62.4 GeV PHENIX

" ® Vs=500/200 GeV UAH1 Leading-twist

- ® V/s=900/200 GeV UA1 PV'ML(TV\/M ou
- ® Vs=1800/630 GeV CDF ISR, FNAL, RHIC

Leading-Twist PQCD

Y, Jets %

- ®m Vs=1800/630 GeV CDFy A CDF jets s

- ® Vs=1800/630 GeV DO v A DO jets :
! ! Loy ! ! Loy ! !

107 107 27 = 2pr/V/s

Arleo,Hwang, Sickles, sjb

CDF!

I10



(pp — 7 X) at fixed zp =

“PT
N

<10

/s/GeV)'Edc/dp3(mb/GeV

—
o
TTTTIm

a — — —

o O o o
- o w S~
| | | |

n=0.38

®  PHENIX 7°Js=62.4GeV
O  PHENIX 7 [s=200GeV

6L
107 ¢ PHENIX n° [s=200GeV (fit)

mf +
Cfmpp

PH-<ENIX

M. T.
Tarwmenbauuny

PHENIX
62.4 and 200 GeV dato

I|I|I|I|I

o-h

RO

10-1 xT IXX



Leading-Twist Contribution to- Hadronw Productionw

Pawton model and do _ a2 F(xJ_vy)
Conformal Scaling: d3p/E — S pjl_

112



Direct Higher-Twist Contiribution to- Hadrovw
Production

>
)

do 3 2 F(zy,y)
— C\f

No- Fragmentution Function

113



Scale dependence

Pion scaling exponent extracted vs. p, at fixed x,
2-component toy-model

Ax,) | B(x)

Umodel(pp N X) x
p} p°

Define effective exponent

Oln O.model
nNLO ( X

neff(XJ_7pJ_7B/A) = 6’Inp | ¢7p¢)_4
1
_ 2B/A  w1o
sz__I_B/A - n (XJ_7PJ_)

Arleo, Hwang, Sickles,
$7b
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PHENIX results

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

RHIC/LHC predictions
PHENIXresults

|ll||l

Aﬂt
o
(=]

[ 1]

0.4

0.2

-0.2 | ] ] 1 1 L1 I [l 1 L 1 1 | 1 1- ’

@ Magnitude of A and its x, -dependence consistent with predictions

Arleo,Hwang, Sickles, sjb 115



1022
e 1018__
C}'O —
%J 10 -
(5 I
_Q |
E 10"
op
Q. -
O
6 10?2
op]

O
|—LIJ i
o@ 100

108

10°

—|||||
—(a)
°

CMS Preliminary —

JLdt =10.2 nb"

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
UA1 0.90 TeV (Inl<2.5)

— 55— UA1 0.50 TeV (Inl<2.5)
| % UA10.20 TeV (li<2.5)

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

107

10°

Xt

107

107

Jet-triggered charged particle transverse momentum
spectra in pp collisions at 7 TeV

The CMS Collaboration

xr scaling fails
at the LHC
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pawticle ratio- changes witiv centrality!

Protons less absorbed

o 1.8 I proton/pion ] in nuclear collisions than pions
= 16F b because of
c O 1 color-transparent bigher-twist process
1.4 -
: I «— Central
1.2 [] ~
1 C 0O = Au+Au 0-10%
i A Ao Au+Au 20-30%
0.8 _ o e Au+Au 60-92%
L * p+p, Ns =53 GeV, ISR
0.6 _ ---- e'¢e’, gluon jets, DELPHI
S N 1 v 4 | I I e*e’, quark jets, DELPHI
0.4F :
; «— Peripheral
0.2
0 Tannenbouunn

o (GeVic)  BAYOorA nomaly:
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Bawyor couv be made divectly within hawd subbrocess

Bjorken
P Blankenbecler, Gunion, sjb
Coalescence i Berger, sjb
S ulu — pd Sickles, Sjb
within hard
subprocess bp(1,72,23) < A
Small colov-singlet
Color Travnsparent
Minimal saume-side energy
u
u b £
g-.| 8
.. Nactive = O qq — BC_?
Collision cawv produce 3
collinear quarks Neff= 2Nactive ~ 4
\ 4
— neﬂ‘= 8
d

Arleo,Hwang, Sickles, sjb
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Power-law exponent n(x7) for 7” and & spectra in central and peripheral Au+Au collisions at

Vvsyy = 130 and 200 GeV

S. S. Adler, et al., PHENIX Collaboration, Phys. Rev. C 69,034910 (2004) [nucl-ex/0308006].

—

|—
>

~
c

1

b+ includes protons

0 ] ] I ] I ] I ] ] I I ] | ] | ] | ] | | | | | | | |
oL n(x) for x° 10 nex,) for A ;h' l Ceﬂtl’al
- 7 0-10% 1t 2 0-10% .
8 [1 60-80% _ 7|[[ 060-80% -
7_ — - —]
5 E] l —F L=
' & 1 ipheral
4_ — - —
3_ — - —]
2_ R i - s —]
1 I 1 I 1 I 1 I 1 I 1 I 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

Protonw power Ww{ﬂfv centrality ! |

Proton production dominated by
color-transparent divect highv neg subprocesses
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yield/trigger

Anne Sickles

0.1
- 1 protowtrigger:
- ® meson-meson, near si.de 1 # saume-side
0.08 — B baryon-meson, near side —pawticles d
- O  meson-meson, away side = o
B [1  baryon-meson, away side | with centrality
0.06— + +__
i s 0 -
0.04 B ® * + ]
_® _
& [] + - /
0.02— o 2 _
6 4 B a4
= trigger: 2.5 <p_<4.0 GeV/c EI] .
0 e ————————————————————————————————————————————————— —]
- associated: 1.8 <p_<2.5 GeV/c l
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

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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tvidence for Direct, Higher-Twist
Subprocesses
Explains anomalous power behavior at fixed xt

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  Baryon Anomaly Explained

Proton power neg increases with centrality since leading
twist contribution absorbed

Fewer same-side hadrons for proton trigger at high

centrality

Exclusive-inclusive connection at xt =1 Arleo, Hwang, Sickles, sjb

Warsaw
Hot Topics in QCD Phenomenolo Stan Brodsk 1 AL
July 6, 2012 P gy Y =



Deep Inelastic Electron-Protow Scattering

Warsaw .. 1 A
Hot Topics in QCD Phenomenology Stan Brodsky G~
July 6 , 20 I 2 122 NATIONAL ACCELERATOR LABORATORY



Deep Inelastic Electron-Protow Scattering

Final-State QCD
Interaction

jet
Conwentional wisdow
Final-state inferactions of struck quawk conv be neglected

Warsaw
Hot Topics in QCD Phenomenol o1 AL
July 6, 2012 ot Topies Q123 enomenology  Stan Brodsky  Gi S



Single-spiny Leading Twist

C ries Sivers Effect
0
> Dae Sung
© current Hwang, Ivan

quark jet Schmidt, S]b

Y
iS5 p 4 X Pg C
k QCD §- and P-
Pwuolm T-Odd/ quar final state Coulo_mb Ph_ases
interaction --Wilson Line

spectator”~ Leading-Twist
system Rescattering

proton Violates pQC
Light-Front Wawefunctiow %/ pQLD
S and P- Waves Factorigotion/!
Warsaw .. 1 AN
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky G~
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and produce
a T-odd effect!

q }7 \q |
can interfere E ;
i Iy with -8

(also need L, # 0)

p

HERMES coll., A. Aira]g;etian et al., f)hys./Rev. Lett. 94 (2005) 012002.

Sivers asymmetry from HERMES

e First evidence for non-zero

. 5015 F = Sivers function!
- T
& 01 - B *
; ® = presence of non-zero quark
o | w — .
< 0.05 J;* $ + S : orbital angular momentum!
IO =R ER B
N 905 L ..., Lo ® Positive for ...
01 F } Consistent with zero for 1r...
008 | t ot data compatible with BHS
ata compatible wi
0 +++ _____ + _______________ L + ____________ + model
-0.05 - B )
I | I | I 1 11 I 1 111 I 1111 I 1111 I 1111 SChlllldt, Lu:
01 02 03 03 04 05 0.6 Asymmetrgf ratios should follow
X 2 quark contributions to anomalous
moment.,
Warsaw Hot Tobics in OCD Ph 1 k 1 A
July 6, 2012 ot Topics in Q enomenology Stan Brodsky G~
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COMPASS 2010 proton data

Q, C/ES 0.1+ B ® positive hadrons B
< A negative hadrons
0.05r - -
o 6 % é ¢ ¢ * QQ ¢ ¢
& ¢ ® é 24 A 3%, 3
O - %258 2mnee BT CEELEEEL SRR S PGS S S %
A
—0.05[- - -
) o T |
1 1 111 I| | 1 1 11 III| | 1 1 111 | | | | | | |
1072 107! 0.5 1 0.5 1 1.5
X z p}} (GeV/c)
Warsaw 1 AS

Hot T CD Ph 1
July 6, 2012 ot Topics in Q CD. enomenology Stan Brodsky G~



Final-State Interactions Prodiuice Hwang, Schmidt, sib

Pseudo T-Odd, (Sivers Effect) Collins

—

iS'ﬁjetxé)

Leading-Twist Bjorken Scaling!
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

Y

e_
current

Relate to the quark contribution to the target proton quark jet

anomalous magnetic moment and final-state QCD phases

QCD phase at soft scale! final state

interaction
New window to QCD coupling and running gluon mass in the IR spectator>
system
roton i
QED S and P Coulomb phases infinite -- difference of phases finite! > 8161222825

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

Mulders, Boer Qiu, Sterman

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky SL ’é\s
b NATIONAL ACCELERATOR LABORATORY
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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 K* K~ production, via
v*g — 8§ — ¢ + X or v*g — ss — KTK~ + X should provide
additional constraints on the gluon mechanism.

Gardner, sjb

NWU, June 25, 2012 Novel QCD Physics at PANDA Stan Brodsky, SLAC
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PHYSICAL REVIEW D 75, 073008 (2007)

Connection between the Sivers function and the anomalous magnetic moment

Zhun Lu* and Ivan Schmidt’

Departamento de Fisica, Universidad Técnica Federico, Santa Maria, Casilla 110-V, Valparaiso, Chile
and Center of Subatomic Physics, Valparaiso, Chile
(Received 8 January 2007; revised manuscript received 14 February 2007; published 9 April 2007)

The same light-front wave functions of the proton are involved in both the anomalous magnetic moment
of the nucleon and the Sivers function. Using the diquark model, we derive a simple relation between the
anomalous magnetic moment and the Sivers function, which should hold in general with good approxi-
mation. This relation can be used to provide constraints on the Sivers single spin asymmetries from the
data on anomalous magnetic moments. Moreover, the relation can be viewed as a direct connection
between the quark orbital angular momentum and the Sivers function.

SlV(77'+) Zeuf1 “DY [ 2€%Ku

Sw(ﬂ. ) o) ldDw—/d e%le = =33

current
quark jet

A (ar0) 2euf Dﬂ/"‘—l—edf Dw/d

final state SIV ~/d

interaction (7T ) efl %TdDiT /

spectator> 265 K, + eczin

system ~ 5 — _1.15,
proton 11-2001 2€d K/

8624A06

= (2)(2/3)k,/, + (—1/3) k4, .
P Ve /2 AY(K™) 26%, iLT“Df L deik,

Kn = (2)(_1/3)Ku/p + (2/3)Kd/p' ASI (KO) e?l IJ-TdD{{O/d egle

Warsaw Hot Topics in QCD Ph 1 dsky S;
July 6, 2012 ot oplcst129 enomenology Stan Brodsky o T O!



Predict Opposite Sign SSA in DY !
Collins

-
-

ol
Y

Hwang
J Schmidt
sjb

-y
¢))
+

P
PA—> >

§ing)le Spin Asymmetry In the Drell Yan Process

Sy D X gy

Quarks Interact 1n 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

Warsaw v

July 6, 2012 Hot Topics in Q(IJ;:)Phenomenology Stan Brodsky Ty _TO!



Key QCD Experiment Hwang, Schmide.

sjb

Measure single-spin asymmetry Ay P
in Drell-Yan reactions

e+
Leading-twist Bjorken-scaling Ap \/\/L\/\<
from S, P-wave u

Initial-state gluonic interactions

cl

PA -
Predict: AN(DY) = —AN(DIS)
Opposite in sign!

S . q X p correlation

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
9 NATIONAL ACCELERATOR LABORATORY



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 K* K~ production, via
v*g — 8§ — ¢ + X or v*g — ss — KTK~ + X should provide
additional constraints on the gluon mechanism.

Gardner, sjb

Warsaw
Hot Topics in QCD Phenomenol o1 AL
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Boer, Hwang, sjb

— >
P o >
u et
: &
;U e
_é -
P >

DY cos 2¢ correlation at leading twist from double ISI

Product of Boer - 1 2 T 2
Mwlde/ryfoufvwﬁw hy (xpp1) Xy (g k)
Ju\l?zs,?; » Hot Topics in QCD Phenomenology Stan Brodsky :—;L ,é\s
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Measurement of Angular Distributions of Drell-Yan Dimuons in p 4+ d Interaction at

800 GeV/c
(FNAL E866/NuSea Collaboration)

e p+dat800GeVc @ _
m 1 + W at 252 GeV/c : :
s v +W at 194 GeV/c Huge Effect in

08 | J L
} W — X
.t 1 Negligible Effect

0.4 - T - L
: P P e | pd — pp” X

L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 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.

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACCELERATOR LABORATORY
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Single-spirv Exclusive

asymmelties invv Sivers Effect
connects to
ve chowvwnels :
I e~ Inclusive Effect
— — e— s K A
1OA "G X DK Y P
g X P K™ (su)
QCD S- and P-
Coulomb Phases
--Wilson Line
Light-Front Wawvefunctiow A(Sud)
S and P- Wawves
Warsaw o
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Double Initial- State Interactions

generate anomalous cos2¢

Drell-Yan planar correlations

1 do
—— X

o df)

PQCD Factorization (Lam Tung):

x hi(m)hi(N)

L,{ 5
m\%%@%
AVA

P ; P

Violates Lam-Tung relation!

Warsaw
July 6, 2012

1 —

N — uTu~X NA1O

Boer, Hwang, sjb

(1 + Acos? 0 + usin 26 cos ¢ + g sin” 6 cos 2q5)

A—2v =0

0.4
0.35|

031
v(Qr), |
021
0.15|
015
0.05
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Hot Topics in QCD Phenomenology

Double ISI =~ .. |
‘ : “‘,!‘ I I I I I ......"..I....'........'."
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LHC Txperiment
Boer, Hwang, sjb

>
P . >
U et
: &
;U e
_é -
P >

DY cos 2¢correlation at leading twist from double ISI

Product of Boer - 1 2 T 2
Mwlde/ryfoufvwﬁw hy (xpp1) Xy (g k)
JuffaZiz‘Zl » Hot Topics in QCD Phenomenology Stan Brodsky :—:,L ,%\3
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Problem for factorigation whew botiv ISI and FSI occur!

Warsaw o
July 6, 2012 Hot Topics in QC;)SPhenomenology Stan Brodsky ‘—;L ,%\-“ .
I NATIONAL ACCELERATOR LABORATORY



de Roeck

e

J

D y/ b Large Rapidity Gap

NG

Diffractive inclusive cross section

dPoyl! 2w’ | p(a) )
> 1 1'2 (ZBP, :39 Q )
depd3dQ xQ
FP(zp.3,Q%) = f(xzp)-  FF(3,Q%

extract DPDF and g (x) from scaling violation

Large kinematic domain
Precise measurements

3 < Q% < 1600 GeV?
sys 5%. stat 5-20%

10

10+

10

® H1Data

w H1 2006 DPDF Fit A

43 = 0.017
(.l? = 5. 10-5)

Xsoz v

[ 027 (i=T)

BR X

X
T
¢
o’ﬁ

BELL

! .

,u/é{"'_‘

! o
. oB
S !”/Q( ’—i

i—é-‘-.—rr‘—f-

x=0 00013
p0.043 (™€)

xe0 0002
P=0.067 (i=5)

P=0

=~ ool Lo tranad

(extrapol, fit)

[H1 LRG|

=0 00002
Pr0.11 (™8

x=0.0005

AT (=3)

x=0 0008
P=0 27 (»2)

x=0.0013
[4=0.43 (i=1)

3 = 0.67
(x = 0.002)

| A lllllll | -

10 10°

10°

Q? |GeV?)




Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidity Gaps

Y :
x Wilson Line: (y) / dx 4%y (0)
0

q7= BX
1rl’t i_

1-B)X
(13)_9J

=

X OX~1 } Rap Gap

P

P \

Reproduces lab-frame color dipole approach

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b I 4 o NATIONAL ACCELERATOR LABORATORY



Physics of Rescattering
* Sivers Asymmetry and Diffractive DIS: New Insights
into Final State Interactions in QCD
* Origin of Hard Pomeron
e Structure Functions not Probability Distributions!

Not squawe of LFWFs
* T-odd SSAs, Shadowing, Antishadowing

* Diftractive dijets/ trijets, doubly diftractive Higgs

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

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACCELERATOR LABORATORY
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A" - Heavy Quawk Asyymumeliries

0.8

— {f parton -level
| ZII))Fl;ltata5.3fb'1 AtE(AyZ) _ N(Ayz) — N(—Ayz)

=== 4 NLOQCD

N(Ay;) + N(—Ay;)

Asymmetries in Ay are identical to those in the ¢t pro-
duction angle in the tt rest frame. We find a parton-level
asymmetry of A" = 0.158 & 0.075 (stat+sys), which is
somewhat higher than, but not inconsistent with, the
— NLO QCD expectation of 0.058 £+ 0.009.

q t
>om~< +
q t
| Parton level asymmetries at small and large Ay com- W + w
pared to SM prediction of MCFM. The shaded bands represent

the total uncertainty in each bin. The negative going uncer-
tainty for Ay < 1.0 is suppressed.

Fermilab-Pub-10-525-E

Evidence for a Mass Dependent Forward-Backward Asymmetry
in Top Quark Pair Production

CDF Collaboration 142



=

=
O

~ 1

a (0.9

Anti-Shadowing

1.2
© EMC a4 E136 T

L1V NMC -« E665

B
0.8 2 2
* Q=5 GeV
07— —————————
0.001 O°01 O°1 M. Hirai, S. Kumano and T. H. Nagai,
. “Nuclear parton distribution functions
Shadowmg x and their uncertainties,”
Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].
Juffazs,az‘:)rl » Hot Topics in QCD Phenomenology Stan Brodsky 5:_ ,é\g
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F,Fe/F,D

Q% =5 GeV-?

1.3 L L L L L L L L L L L L L L L L
5 [ Scheinbein; Yuy Keppel, Morfin, Olness; Owensy
i1 : SLAC/NMC data
|
0.9 [ :

0.8 - No-anti-shadowing in deep inelastic neutrino- scattering !

- Non-Universal -- Quark Specific?

0'7() ().1 02 03 04 05 0.6 0.7 0.8 ()9
X
Warsaw o T
July 6, 2012 Hot Topics mQ(I]‘I‘)‘tPhenomenology Stan Brodsky S



Predict: Reduced DDIS/DIS for Heavy Quarks

11* b, = O(1/Mg)
qr= Bxg Higher Twist Diffraction
XLL Q Fraction
9 (1 -B)Xg +(DDIS) _ Nocp
j o(DIS) — MC%
X oxX~1 } Rap Gap
V

I

P

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

Warsaw
Hot Topics in QCD Phenomenolo Stan Brodsk el AL
July 6, 2012 P gy Y S
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Stodolsky
Pumplin, sjb
Gribov

Nuclear Shadowing inv QCD

Shadowing depends onw understonding leading twist-diffractiov in DIS

Nuclear Shadowing not included in nuclear LFWEF !

Dynamical effect due to virtual photon interacting in nucleus

Warsaw
July 6, 2012 Hot Topics in (ii]? Phenomenology Stan Brodsky :—:,L ,%\s



The one-step and two-step processes in DIS
ONn a nucleus.

YO

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

| V|
> If the scattering on nucleon Ny is via pomeron
q exchange, the one-step and two-step ampli-
(b) r— tudes are opposite in phase, thus diminishing

N, = the g flux reaching N».

— Shadowing of the DIS nuclear structure
functions.

Observed HERA DDIS produces nuclear shadowing

Warsaw . ~ A~
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ol — N
b NATIONAL ACCELERATOR LABORATORY
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0.2
18
16
14
12
0.1
= 0.08

0.06

0.04

0.02

SESHSRS

Non-singlet 10 ° 10°
Regg X behavior

1
Kuti-Weisskopt

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACCEL ERATOR LABORATORY
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Reggeon
Exchange

Phase of two-step amplitude relative to one
step:

1 o - 1 -
\/5(1 i) X 1 \/5(7, 1)
Constructive Interference
Depends on quark flavor!

T hus antishadowing is not universal

Different for couplings of ~*, Z0, W=

Critical test: Tagged Drell-Yarv

Warsaw
Hot Topics in QCD Phenomenolo Stan Brodsk el AR
July 6, 2012 P &y Y O
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Origiv of Regge Behawior of
D e;%v?/ nelastic Structure Functions

Fop(x) — Fop(x) o /2

Antiquark interacts with target nucleus at /
0l —»

energy s oc —

Cij

Regge contribution: ogy ~ sarp—1

Nonsinglet Kuti-Weisskoff Fp), — Fpj, o \/Ebj
at small xy,.

Landshoft,

Shadowing of ogz), produces shadowing of Polkinghorne, Short
nuclear structure function.

Close, Gunion, sjb
Schmidt, Yang, Lu,

sjb
Warsaw o .
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky St A7y
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Shadowing and Antishadowing of DIS
Structure Functions

1.2 1.2
L 7=t @) L 2 ~Eurei (b) S.J. Brodsky, I. Schmidt and J. J. Yang,
R y I y “Nuclear Antishadowing in
A IR s A I s Neutrino Deep Inelastic Scattering,”
L\N L { L Phys. Rev. D 70, 116003 (2004)
T T e [arX1v:hep-ph/0409279].
0.9 0.9
08 7\\‘ | | \\HH‘ | | \\HH‘ | 08 7\\‘ | | \\HH‘ | | \\HH‘ | MOdlﬁeS
1070 107 107" T 1077 107 o
X X NuTeV extraction of
1.2 1.2 .2
u W*—Current (©) B W ™ —Current (d) S]-I]- 9 ‘/‘/
..... d u
£ N o ~ Test in ﬂavor-tag.g(?d
S L lepton-nucleus collisions
0.8 0.8
7\\‘ | | \\HH‘ | | \\HH‘ | 7\\‘ | | \\\H\‘ | | \\\\H‘ |
10" 1077 10" 107" 10°° 10
X X
Warsaw Hot Topics in QCD Ph 1 Stan Brodsk '
July 6, 2012 ot Topics in Q enomenology tan Brodsky G~
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0.8

-3 -2 —
10 10 10
X
i W™ —Current
[ e mmmm a 'a \\
[ S R '

i (d)
7\\‘ | | [ \H‘ | | | 11 \H‘ |
-3 -2 —

10 10 10

Nuclear Antishadowing

10 107 10
X
1.3
B W*—Current
1.2 T
1.1
w0
3 N B
TR
0.9 [
i (c)
0‘8 7‘\ | \\\HH‘ | \\\HH‘ |
10 10 7 10"
Warsaw
July 6, 2012
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Schmidt, Yang; sjb

not universold !

Hot Topics in QCD Phenomenology

Stan Brodsky



F,Fe/F,D

Q% =5 GeV-?

B
1.1

|
0.9 I -
08 _ No-anti-shadowing in deep inelastic neutrino scattering -
T S
Ju\lti,a?:?; . Hot Topics in oco Phenomenology  Stan Brodsky Si AL
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LHC p-A Collisions

Leading-Twist Contiribution to-Hadrovw Production on Nuclei

= Aa(xQ)Gq/N (xz,pi)

GC]/A(x27pi) —
>
>
dSP/E(pA—>7TX) Aa(aﬁg)dg /E(pN—>7TX)
Test: Anti-shadowing is quawk sbecific?
1A
) b N\

Stan Brodsky e 7

Hot Topics in QCD Phenomenology
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Static Dznamic

Hwang,
® Square of Target LFWFs Modified by Rescattering: ISI & FSI Schmidt, sjb,
® No Wilson Line Contains Wilson Line, Phases
Mulders, Boer
® Probability Distributions | No Probabilistic Interpretation ]
Q1u, Sterman
® Process-Independent Process-Dependent - From Collision Collins, Qiu
b
® T-even Observables T-Odd (Sivers, Boer-Mulders, etc.) Pasquini, Xiao,
I Y jb
® No Shadowing, Anti-Shadowing | Shadowing, Anti-Shadowing, Saturation uan S
® 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,
fir][al st?_te
Wi (24, k145 Ai) ggggg}or>
proton
W Hot Topics in QCD Ph 1 Stan Brodsky S! A%
July 6, 2012 ot Topics in Q enomenology tan Brodsky G~
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q > >
>mm<+ ro
q n — ST
%+>mm<m

Conwentional pQCD approachv
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Second Born Corrections to Wide-Angle High-Energy Electron J. Gillespie and sjb
Pair Productlon and Bremsstrahlung*

P,
k
Q -P;
P P
(a)

(b)

< £ %

(c) (d) (e)

{f)

PR 173 1011 (1968)

+05). LEAD
EO 2250 MeV

L
~1000 =200 O 500 1000

3= E_."" E+ (MGV)
4 J. G. Asbury, W. K. Bertram, U. Becker, P. Joos, M. Rohde,

A. J. S. Smith, S Friedlander, C. L. Jordan and S. C. C. Ting,
Phys. Rev. 161 1344 (1967), and references therein.

v [ (Eo—E1)Q*+2Eok- po—2E k- Py
EAEQ* (k- p1) (k- p2)

(spin zero, point nucleus). (4.9)

:|+0(Za)3

157



QCD Analysis of heawvy quark asymmeties

B. von Harling, Y. Zhao, sjb

® Include Radiation Diagrams
® FSI similar to Sivers Effect
/o — 7Cpog

® Renormalization scale relatively soft

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACCELERATOR LABORATORY



Large tt asymmetries seen at CDF

Att_ e
08T ;7 parton - level
CDF data 5.3 fb™
| == #NLOQCD N(A N(-A
0.6 ! A" (Ay;) = ) )
i N(Ay;) + N(-Ay;)
0.4+

PR — oI

Fermilab-Pub-10-525-E

Evidence for a Mass Dependent Forward-Backward Asymmetry
in Top Quark Pair Production

CDF Collaboration 159



vy

<>
>

Interference gives tt asymmetry

>
>

t

vy
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QCD Analysis of heawvy guawrk asymumetiies

B. von Harling, Y. Zhao, sjb

* Rescattering Corrections analogous to QED
/o — mCrag

* Include Radiation Diagrams

* Top Decay truncates gluon radiation

e FSI similar to Sivers Effect

* Renormalization scale relatively soft

101



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

Warsaw L o1 A~
July 6, 2012 Hot Topics mQ(Ilg)zPhenomenology Stan Brodsky <O



Soft-Wall Model

S = /d4x dz \/§e“"(z)£, gO(Z) — __KQZQ

Retain conformal AdS metrics but introduce smooth cutoff
which depends on the profile of a dilaton background field

Karch, Katz, Son and Stephanov (2006)]

e Equation of motion for scalar field £ = %(gemﬁgcb@mq) — ,u2<I>2)

[z25’§ - (37 2&222) 20, + 2°M? — (,LLR)Q] P(z) =0

with (uR)? > —4.

e LH holography requires ‘plus dilaton’ (0 = +x22°. Lowest possible state (R)? = —4

2 2 —kr2z2 2 1
M= =0, P(z)~ z% , <r>~?
A chiral symmetric bound state of two massless quarks with scaling dimension 2:

Maussless pion 61



* de Teramond, sjb

2 2
6<I>(z) — 6"‘"3 < Positive-sign dilaton

AdS Soft-Wall Schwodinger Equatiow for
bound state of two- scalow constituents:

L 50)]ée) = M2e(e)

dz? 42

U(z) = k2> +2c*(L+ S — 1)

Derived from vawiatiow of Actiovw

Dilaton-Modified AdSs
Warsaw L N
July 6, 2012 Hot Topics in Q(I]£)4Phenomenology Stan Brodsky T Ot



Bosonic Modes and Meson Spectrum

4k% for An =1
M? =4k%*(n+ J/2+ L/2) — 4k*(n+ L + S§/2) wiorar =1
. 2k2 for AS =1
Same slope in n and L
JPC JPC
0-+ 1+- -+ 3+- 4-+ 1-- 2++ 3 4++
6 | | | | ] 6 | | | I
n=3 n=2 n=1 n=0 n=3 n=2 n=1 n=0
_ / — _ /Z’ . _
4 - . 4 - ( =
2,(2040)
2 _ﬂ(1§00) | e _p(1700) R, f,(2050) |
’ | n(1300) m,(1670) | , _w(1;50) |
e (1320)
| 0(1420) % ]
L . f,(1270) -
n S =0 v S =1
OF | | | | | 0 —u)(7|82) I | | |
0 1 2 3 4 0 1 2 3
L L

Regge trajectories for the 7w (v = 0.6 GeV) and the [ =1 p-meson and I =0 w-meson families (x = 0.54 GeV)

Warsaw L P
July 6, 2012 Hot Topics in Q(Ilg)sPhenomenology Stan Brodsky T _TO!



Quark separationw g

increases withv L
4
D(z)
2
0
2-2007 0 4 8 2-2007
8721A20 Y4 8721A21 y4

Soft Wall
Model

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

I ' I ' I ' I '
T @ S o S =0 ‘
. Pion mass
<  (1800) automatically zero
[O)) [
S + 5 1
SO R L _
P 7 (140) nt (140) . O
zero-mass! | L 144 g =
H 4 O | 2 | 4
8-2007
8694A19 L
Light meson orbital (a) and radial (b) spectrum for K = 0.6 GeV.
Warsaw
July 6, 2012 Hot Topics inQC£)6Phenomenology Stan Brodsky ST AL
b I NATIONAL ACCELERATOR LABORATORY



;
* A spectrum identical to Forkel and Klempt, Phys. Lett. B 679, 77 (2009)

4k2 for An = 1

[ N(1710)

N(1680)
N(1720)

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

A(2420) |

A(1950)

| N(1440) A(1905)
' . A(1920)
,[ A(1600) A(1910)
N(940) |
[ A(1232)
0 1 2 R 2 3 4
L
Parent and daughter 56 Regge trajectories for the /N and A baryon families for k = 0.5 GeV
Warsaw Hot Topics in QCD Ph 1 Stan Brodsky SiL AL
July 6, 2012 ot 0p1cs1nQI67 enomenology tan Brodsky G~



(1—-2x)

P(2,¢) = Va1l — )¢ 2¢(C)

Light-Front Holography: Unique mapping derived from equality
of LF and AdS formuda for curvent matvrix elementy

Warsaw L o —
July 6, 2012 Hot Topics in Q(Ilg)sPhenomenology Stan Brodsky ;!L ,%“;



HQED QED at%&mwvmd/

(H() _l_Hznt) ‘\If >=F |\If > Coupled Fock states
A? - l
- > + Ver (S, 7)] ¥(r) = E ¢(7) Effective two-pawticle equation
Mhred l Includes Lamb Shift, quantum corrections
1 d? 1 ((0+1)

[ + Vg (1, S, 0)] b(r) = E o(r) Spherical Basis 1,0, @

2Myped AT2 2Mypeq T2

&/ Coulomb- potential
Verr — Ve(r) = —— ’
Bohr Spectrum
Semiclassical first approsimation to- QED 169



H5E OCD QCD Mesow Spectrum

l

(Hip + Hpp)|¥ >= M?*|U > Coupled Fock statey
[i%ltn;j + VI Yrp(e, kL) = M? Yrp(z, kL) Effective two-particle equation
l (*=z(1 —x)b5
d* —1+4+4L° ) / /
[—d—CQ‘F 2 U(C, S, L) Yrr(C) =M™ Yrr(C) Azimuthal Basis (, @
U((,S8, L) =k*CC+Kk*(L+ S —1/2) Confining AdS/QCD
potential

Semiclassical furst approcimation to- QCD o



Prediction from AdS/CFT: Mesow LFWF

ft Wall Model

de Teramond, sjb

drr(x, Qo) o Jz(1 — )

1.5
Increases PQCD prediction for F(Q?) by 16/9
Warsa
J uly 68, 2‘:;1 » Hot Topics in QCD Phenomenology Stan Brodsky SL AG
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Warsaw
July 6, 2012

Spacelike Paudi Form Factor

From overlap of L =1 and L = 0 LEWF's

Harmonic Oscillator Confinement |

Normalized to anomalous
moment

k= 0.49 GeV

G. de Teramond, sjb

Q%(GeV?)

Hot Topics in QCD Phenomenology
172

Stan Brodsky

Preliminary

NATIONAL ACCELERATOR LABORATORY



QZ

22

3
1+— 1+—] 1+\42

Nucleon Trans1t10n Form Factor

0.20

Fl NaN* (Qz) =

015

0.10 -

Warsaw S o1 A
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky G~
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Ruwnwning Coupling from Light-Front Holography and AdS/QCD
Analytic, defined at all scales, IR Fixed Point

OzAdS

S

(Q)fm =e @/

k = 0.54 GeV

)
0.8 |-
06 . { X
----- Modified AdS 1§ |1 .. il
— AdS | i|:\
04 - — L ||
i Otgl/J'E (pQCD) 0
ocgl/:n: world data '
------- GDH limit X og,/m
02 7¢ o /mnOPAL
A o, /nJLab CLAS
M o, /n Hall A/CLAS
o @ Lattice QCD (2004) (2007)
| | | | | | | | ‘
10" ]

Deur, de Teramond, sjb
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Applications of Nonperturbative Ruvrwning
Coupling from AdS/QCD

® Sivers Effect in SIDIS, Drell-Yan
® Double Boer-Mulders Effect in DY
® Diffractive DIS

® Heavy Quark Production at Threshold

AW irwolve gluo exchange at small

momentum transfer

Warsaw . ~ A~
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky -l Ol
b NATIONAL ACCEL ERATOR LABORATORY



Features of Soft-Wall AdS/QCD

® Single-variable frame-independent radial Schrodinger equation
® Massless pion (mg=0)

® Regge Trajectories: universal slope in nand L

® Valid for all integer J & S.

® Dimensional Counting Rules for Hard Exclusive Processes

® Phenomenology: Space-like and Time-like Form Factors

® LF Holography: LFWF's; broad distribution amplitude

® No large Nc limit required

® Add quark masses to LF kinetic energy

® Systematically improvable -- diagonalize Hrr on AdS basis

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky ST AL
b NATIONAL ACGELERATOR LABORATORY



Formatiow of Relativistic Anti-Hydroger

Measured at CERN-LEAR and FermiLab

Munger, Schmidt,
sjb
H(pe™)
1
bJ‘ S Myed™
| Coulomb field
S S Yp = Y+

Z

Wavefunction maximal at small impact separation and equal rapidity
“Hadronizationw” at the Amplitude Level

Warsaw
July 6, 2012 Hot Topics in QCD Phenomenology Stan Brodsky C,L ,é\-“ °
, NATIONAL ACCELERATOR LABORATORY
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Hadronigation at the Amplitude Level

PH

generator S O
(kL N)

Construct helicity amplitude using Light-Front Perturbation
theory; coalesce quarks via LFWF's

WTEID0 Hot Topics in QCD Ph logy  Stan Brodsk
1 in nomen
Jllly 6, 2012 (1) Op CS 178 eno enolio 1roagas y
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Hadvronigatiow at the Amplitude Level

A
Bawyow Production -
¢($7 k1, >‘Z)
Construct helicity amplitude using Light-Front
Perturbation theory; coalesce quarks via LFWFs
JuffaZiz;‘Zl » Hot Topics in QCD Phenomenology Stan Brodsky :—:,L ,%\3
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Featwres of LF T-Matrix Formalism
“Tvent Amplitude Generator”

® Same principle as antihydrogen production: off-shell coalescence

® coalescence to hadron favored at equal rapidity, small transverse
momenta

® Jeading heavy hadron production: D and B mesons produced at
large z

® hadron helicity conservation if hadron LEFWEF has Lz =0

® Baryon AdS/QCD LFWF has aligned and anti-aligned quark spin

o PT 0P| + k|
pt =pO 4 p=

Warsaw
July 6, 2012
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“One of the grawvest puszszles of
theovetical physics”

DARK ENERGY AND
THE COSMOLOGICAL CONSTANT PARADOX

A. ZEE

Department of Physics, University of California, Santa Barbara, CA 93106, USA
Kawl Institute for Theoretical Physics, University of California,
Santa Barbara, CA 93106, USA
zee@kitp.ucsb.edu

(Q2)qop ~ 107
Qp = 0.76(expt)

(Qp) Ew ~ 10°°

() gop << 0]qq]0 >*

QCD Problem Solved if quark and gluon condensates reside within hadrons, not vacuum!

R. Shrock, sjb  Proc.Nat.Acad.Sci. 108 (2011) 45-50 “Condensates in Quantum Chromodynamics and the Cosmological Constant”

C. Roberts, R. Shrock, P. Tandy, sjb Phys.Rev. C82 (2010) 022201 “New Perspectives on the Quark Condensate”
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74 % DARK ENERGY

“ ~_~"‘:_\'\_ ~
= SO\ /S
v NN\ Vs
S|  Accelerating \\ /4 1
gg expanSion l / R/,LV — §g,UJ/R - Ag'u,]/ = (SWGN)T’LLV
= g Farthest T
™ Slowing pSUpEernova,
- expansion :
0 L Dark energy/cosmological constant
o : :
Bo'r?-; causces acceleratlng expansion
“ - >
Expanding universe
1 d?

If the vacuuum energy p i due to- QCD condensates

CD 4 45 ob

obs 3H2
Qp = PA_ ~ (.76 Pe = X
Pe 87TGN 182




Gell-Mawrwv Oakes Revwner Fornmuda inv QCD

, (Mmy + mg) ) current algebra:
My = [Z < 0[gq|0 > effective pion field
2 (M + ma) l QCD: composite pion
= <0 >
M fr 1q5q|m Bethe-Salpeter Eq.

vacuuwm condensate actually is o “inv-hadrovw condensate”

< O‘Q”Y5Q|7T > Maris, Roberts, Tandy
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Paradigm shift:

2y

----- s—In-Hadron Condensates

Brodsky, Roberts, Shrock, Tandy, Phys. Rev. C82 (Rapid Comm.) (2010) 022201

. Brodsky and Shrock, arXiv:0905.1151 [hep-th], to appear in PNAS
= Resolution

— Whereas it might sometimes be convenient in computational
truncation schemes to imagine otherwise, “condensates” do not
exist as spacetime-independent mass-scales that fill all spacetime.

— So-called vacuum condensates can be understood as a property of
hadrons themselves, which is expressed, for example,
in their Bethe-Salpeter or
light-front wavefunctions.

— No qualitative difference Chiral "mlj
between f and p, Kk (0;0)=—<gqq >2
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RAPID COMMUNICATIONS

PHYSICAL REVIEW C 82, 022201(R) (2010)

New perspectives on the quark condensate

Stanley J. Brodsky,!? Craig D. Roberts,** Robert Shrock,> and Peter C. Tandy®
ISLAC National Accelerator Laboratory, Stanford University, Stanford, California 94309, USA
2Centre for Particle Physics Phenomenology: CP*-Origins, University of Southern Denmark, Odense 5230 M, Denmark
3 Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
*Department of Physics, Peking University, Beijing 100871, China
SC.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, New York 11794, USA
®Center for Nuclear Research, Department of Physics, Kent State University, Kent, Ohio 44242, USA
(Received 25 May 2010; published 18 August 2010)

We show that the chiral-limit vacuum quark condensate is qualitatively equivalent to the pseudoscalar meson
leptonic decay constant in the sense that they are both obtained as the chiral-limit value of well-defined gauge-
invariant hadron-to-vacuum transition amplitudes that possess a spectral representation in terms of the current-

(" quark mass. Thus, whereas it might sometimes be convenient to imagine otherwise, neither is essentially a constant )
mass-scale that fills all spacetime. This means, in particular, that the quark condensate can be understood as a
property of hadrons themselves, which is expressed, for example, in their Bethe-Salpeter or light-front wave

L functions.

J
Light-Front vacuum: trivial, causal, frame-independent.
Warsaw Hot Topics in QCD Ph 1 k el AR
July 6, 2012 ot Topics in Q o enomenology Stan Brodsky G~



Suwmumowry onw QCD “Condensates

Condensates do not exist as space-time-independent phenomena

Property of hadron wavefunctions: Bethe-Salpeter or Light-Front:
“In-Hadron Condensates”

Find: < 0|gq|0 >
I

< 0|giysq|m > similar to < 0|gy*~vysq|m >

= — < 0]igysq|m >= px

Zero contribution to cosmological constant!  Included in
hadron mass

Ox survives for small mq - enhanced running mass from gluon
loops / multiparton Fock states

Light-Front Vacuum: Causal, trivial, no normal ordering needed
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Fixed Target Physics with the
LHC Beams

7' TeV proton beam, nuclear beams

Full Range of Nuclear and Polarized Targets

Cosmic Ray simulations!

Single-Spin Asymmetries, Transversity Studies, An
High-xr Dynamics at Forward and Backward Rapidities
High-xr Nuclear Anomalies

Production of ccc to bbb baryons

Quark-Gluon Plasma in Nuclear Rest System--No Ellipse
in LF
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Move Outstanding QCD Problems

e Single inclusive high-pt hadrons -- wrong scaling !

* Quark Interchange dominance in hadron scattering reactions
¢ Quarkonium nuclear target dependence

® The Same-Side Ridge at CMS

e How to Find the Odderon?

¢ Signals of Hidden Color in the Deuteron

¢ Quark-Gluon Phase of Heavy Ion Collisions

* Quark-Gluon Phase in the Target Frame

¢ The Top/anti-Top Asymmetry St%d/{/%/ O.]C QCD J/M/é/t W
IHEP, GSI, LHeC, AFTER

® Color Transparency and Opaqueness

Warsaw
July 6, 2012 Hot Topics in Q(I]§)8Phenomenology Stan Brodsky :—;L ,é\s



QCD Mytns

* Anti-Shadowing is Universal
* ISI and FSI are higher twist effects and universal

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

* renormalization scale cannot be fixed

* QCD condensates are vacuum effects

* Infrared Slavery

® Nuclei are composites of nucleons only

® Real part of DVCS arbitrary

* heavy quarks only from gluon splitting
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Hol Topics v QCD Pnenomenolog)

The nonperturbative origin of strange, charm and bottom quarks in the
nucleon at large light-cone momenta

The breakdown of pQCD factorization theorems due to the lensing effects
of initial- and final-state interaction

Important corrections to pQCD scaling for inclusive reactions due to
processes in which hadrons are created at high transverse momentum
directly in the hard processes and their relation to the baryon anomaly in
high-centrality heavy-ion collisions

The nonuniversality of quark distributions in nuclei;

light-front holography — a relativistic, color-confining, first approximation to
QCD based on AdS/QCD and its correspondence to light-front quantization

The principle of maximum conformality -- a method which determines the
renormalization scale and gives scheme-independent predictions - the
elimination of the renormalization scale ambiguity using the PMC has
important consequences for top quark production a colliders

The replacement of quark and gluon vacuum condensates by "in-hadron
condensates", and how this resolves the conflict between the QCD vacuum

and the cosmological constant
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SCIENCE VOL 265 15 SEPTEMBER 1995

A Theory of Everything Takes Place

String theorists have broken an impasse and may be on

their way to converting this mathematical structure —-

physicists’ best hope for unifying gravity and quantum
theory - into a single coherent theory.

Frank and Ernest

B %, % VxR AR ” " | thought | had
| }?ﬁr VE + JH f‘(‘?-\h‘:'r'—ﬂ'i‘“{-& / discovered the

PR /BRI |
__ “":3;‘%) A AR |

|

|\

-"r_q_'[a'-,'i- ﬁk‘[\ﬁphgh-]?,ﬁ jmw;asa&meory of Everything

u&everything canceled
'| out !

TeanwEsg
B o — E -l F sl @ THECOMICE COM
Copynght (¢) 18994 by Thaves. Distnbuted from www. thacomics. com.
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Hadrons, AdS/QCD Duality, and the Physics of the Vacuum
University of Warsaw Workshop, July 3-6, 2012

Novel Features of Hadvron Dynamics

Fixed 7 =t + z/ci

il Ay
S | Y am \

current
quark jet

final state
interaction

spectator
system

proton 11-2001
8624A06
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