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gluon number densities are evaluated.
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Remarkable Features of Hadron
Structure

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

® Non-zero quark orbital angular momentum!

® Asymmetric sea: u(z) # d(z) relation to meson
cloud

® Non-symmetric strange and antistrange sea 5(x) # s(z)
L . As(x) # As(x)
® Intrinsic charm and bottom at high x

® Hidden-Color Fock states of the Deuteron

Orsay, October 18, 2011 Novel Heavy Quark Phenomena Stan Brodsky, SLAC



B E866/NuSea (Drell-Yan)

Intrinsic glue, sea
heavy guowks
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Measwre strangeness distributiov
fromDIS at EIC

s(z) # s(z)
* Non-symmetric strange and antistrange sea
* Non-perturbative input; e.g |uudss >~ |A(uds) KT (5u) >

* Crucial for interpreting NuTeV anomaly
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Angular Momentuwm o the Light-Front

LC gauge
bE o Conserved
Z + Z LF Fock state by Fock State
] —

Gluon orbital angular momentum defined in physical Ic gauge

1= —i(k! -2 — &2

n-1 orbital angular momenta

J ak2 J akl)

Orbital Anguldr Momensum is a property of LEWFES

Nongero-Anomalous Moment -->
Nongero- quawk orbitad anguwlar momentumn/!
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Anomalows grovitomagnetic moment B(0)
Okun et al: B(0) Must vanishv because of

Equivalence Theorem
growv Lo
q, sum over constituents

~  (+) - =

Xjo Kpj Xjo Ky j*a;

' | ed |

p, S,=-1/2 p+q, S,=1/2
Hwang, Schmidt, sjb; -
Helecein ot al B(O) =0 tach Fock State
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Anomalows grovitomagnetic moment B(0)
Okun et al: B(0) Must vanishv because of

Equivalence Theorem
s g growv Lo
n i:11 iridependent orbital angular momenta q 1 sum over Co ns"'ifuenfs
—~  (+) - -
Xi, K Xiy k, i+ q
IR | L T B |
| e
' -
p, S,=-1/2 p+q, S,=1/2
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PHYSICAL REVIEW LETTERS 15 MAY 2009

PRL 102, 192002 (2009)

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

§1.8:—D® =107 y"|<08 F yy*" <0 AO—(pp — "}/CX)
.'51.6:~ vy '>O |y|<10 vy+b+ X
— o >15GeV | —
S14fF Y+b+X X E A ( — b )
S 12E t" 3 o pp /y X
15—?- *—--;*';;‘.- T ey — 7
0.8 3 ]
0.6 :_ —e— data / theory 2 Ratlo
Bl = CTEQ6.6M PDF uncertainty [ ° °o_ o
04f - ICBHPS/CTEQGSM | imsensitive to
[P = - IC sea-like / CTEQ6.6M -
0-2:’; ............... Scale uncertainty - NEREI . . . . gluon PDF,
C Y. et " 7. jet
F Yy >0 Yy <0
3.5 Y r o X R | scales
3 . :
25F ! : | .
of 5_ + Signal for
S BB Uy N e o o
1.5 -~ * ______ * ------------- Tt ‘} .............. emamy SIgmﬁcant I1C
T s s Ay P .
E f ............................... E -;# at X > O.I ?
0.5 3 E
a0 60 80 100 120 140 40 60 80 100 120 140

p, (GeV)

DGLAP evolutiov issues?



week ending

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

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

£§18FDO, L =10 y1<08 F yy* <o AO—(pp — "}/CX)
f1.6§~y 50 g|<10 - Y+b+X
~ - 15 GeV ¢ A —
gup vipex  FpISGV L o(pp — vbX)
N3 | 3
1:—?-t-v *—--;*-;,;-.- mmee . — 1
0.6 :_ —e— data / theory 2 Ratlo
Bl = CTEQ6.6M PDF uncertainty [ ° °o_ o
0.4 ;— ----- - IC BHPS / CTEQ6.6M — imsensitive to
[P = - IC sea-like / CTEQ6.6M -
i Scale uncertainty gluon PDF,
asf YY" >0 LYY <0 scales
A]
25F .
2f Signal for
E [ [ ]
15 significant 1C
1F- |
atx > o0.1°?
0.5 5

a0 60 80 100 120 140 40 60 80 100 120 140 )
p. (GeV) DGLAP evolutiow issues?



week ending

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

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

£§18FDO, L =10 y1<08 F yy* <o AO—(pp — "}/CX)
f1.6§~y 50 g|<10 g Dok
~ - 15GeV ¢t A —
gup rroex  FpIeGevy o(pp — 7bX)
12 | [ 3
1:—?-t-v *—--;*-;,;-.- mmme e — 1
0.6 - —e— data/ theory 2 Ratlo
Bl = CTEQ6.6M PDF uncertainty [ ° °o_ o
04f - ICBHPS/CTEQGSM | imsensitive to
oG LT LT - |IC sea-like / CTEQ6.6M -
i Scale uncertainty gluon PDF,
C Y. . et i o
35 yy >0 : scales
3
25F .
2f Signal for
E [ ] [ ]
15 significant 1C
1£+ |
atx>o0.1?
05 -

a0 60 80 100 120 140 40 60 80 100 120 140 )
p. (GeV) DGLAP evolutiow issues?



Protow Self Energy
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Collins, Ellis, Gunion, Mueller, sjb
M. Polyakov
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INTRINSIC CEHEVROLETS AT THE SSC
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Stanford Linear Accelerator Center, Stanford Untversity, Stanford CA 94305
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Heavy quark mass expansion and intrinsic charm in light hadrons.

M. Franz (Ruhr U., Bochum), Maxim V. Polyakov (Ruhr U., Bochum & St. Petersburg, INP), K. Goeke (Ruhr U., Bochum).
Feb 2000

Phys.Rev. D62 (2000) 074024
e-Print: hep-ph/0002240

Abstract: We review the technique of heavy quark mass expansion of various
operators made of heavy quark fields using a semiclassical approximation. It
corresponds to an operator product expansion in the form of series in the inverse
heavy quark mass. This technique applied recently to the axial current is used
to estimate the charm content of the 1, 7" mesons and the intrinsic charm con-
tribution to the proton spin. The derivation of heavy quark mass expansion for
Q75Q is given here in detail and the expansions of the scalar, vector and tensor
current and of a contribution to the energy-momentum tensor are presented as
well. The obtained results are used to estimate the intrinsic charm contribution
to various observables.
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Hoyer, Peterson, Sakai, sjb

u B luudcc > Fluctuation in Proton
[ \ " QR , QCD:Probability Aco
"R
Py Bl ¢ - lete ("4~ > Fluctuation in Positroniumn
lu BG = QED: Probability N(Z—;)é‘
\/ B 4 C
G OPE derivation - M .Polyakov et al.
G3 F4
< plm—“glp > Vs, <plozlp> cc in Color Octet
Distribution peaks at equal rapidity (velocity) Z ;T_Z/J_J

Therefore heavy particles carry the largest mo-
mentum fractions

High v charm/! Charmv at Thweshold

Action Principle: Minimum KE, maximal potential
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Intrinsic Heovy-Quawk Fock States
: (’LLRB -

P B/

* Rigorous prediction of QCD, OPE S
G

Y

pu (@)

d
e (Color-Octet Color-Octet Fock State! 22005 G

8711A82

1

* Probability PQQ X M—ng PQQQ@ ™~ O‘EPQ@

* Large Effect at high x

* Greatly increases kinematics of colliders such as Higgs production

(Kopeliovich, Schmidt, Soffer, sjb)

* Severely underestimated in conventional parameterizations of
heavy quark distributions (Pumplin, Tung)

* Many empirical tests

Orsay, October 18, 2011 Novel Heavy Quark Phenomena Stan Brodsky, SLAC
23



0
W. C. Chang and ' """'_1

J.-C. Peng

% % o HERMES
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Comparison of the HERMES z(s(z) 4+ 5(x)) data with the
calculations based on the BHPS model. The solid and dashed curves
are obtained by evolving the BHPS result to Q? = 2.5 GeV? using
pw = 0.5 GeV and pu = 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.
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Comparison of the HERMES z(s(z) 4+ 5(x)) data with the
calculations based on the BHPS model. The solid and dashed curves
are obtained by evolving the BHPS result to Q? = 2.5 GeV? using
pw = 0.5 GeV and pu = 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.
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Calculations of the ¢(z) 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 Q2 = 75 GeV? using 4 = 3.0 GeV, and u = 0.5 GeV,
respectively. The normalization is set at 73505 = 0.01.
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Comparison of the x(d(z)+u(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(z) + w(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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Figure 1: Comparison of the d(z)—@(x) data from Fermilab E866 and

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

and Eq. 3 were used to calculate the d(z) — @(z) distribution at x
the initial scale. The distribution was then evolved to the Q2 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.
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e EMC data: ¢(z,Q?) > 30 x DGLAP
Q2 =75 GeV?, x =0.42

e High zp pp — J/YX

e High zp pp — J/pJ/pX
e High xzrp pp — AcX

e High zp pp — Np X

e High zp pp — =(ced) X (SELEX)

IC Structure Function: Critical Measurement for EIC
Many interesting spin, charge asymmetry, spectator effects
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Leading Hadrow Production
from Intrinsic Chowmu
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Coalescence of Comoving Charm and Valence Quarks
Produce J /vy, A, and other Charm Hadrons at High xz

d




Excitationw of Intrinsic Heowvy Quawks inv Protov

Amplitude maximal at small invariant mass, equal rapidity

LAY do
> oM
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(pp — J [ X)
dy J / lb J-P Lansberg, sjb

Heawvy Quawrkoniwwm produced inv TARGET rapidity regiow
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Look for D (¢s) vs. DI (cs) asymmetry

Reflects s vs. § asymmetry in proton |uudss > Fock LF state.
Asymmetry natural from |[K1TA > excitation Ma, sjb

Assumes symmetric charm and anti-charm distributions



Dissociate proton to high xr heavy-quark pair

v*p — Ac(edd) + D(eu), v p — Ay(bud) BT (bu)

Test intrinsic chowrm, bottomwy



= p/ Lansberg, sjb
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Dissociate proton to high xp Quarkonium:

Y'p— J/Y+p
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e C
—:
e X
But possibly disfovored since Collins, Ellis,

Gunion,Mueller, sjb

p > [(uud)s (cC)sc >
Test intrivusic chowmy, bottom

M. Polyakov et al.
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Use extreme caution when using
Yg — CC Or gg — CC
to tag gluon dynamics



combinations/100 MeV/c?

pp — Ap(bud)B(bg) X at large xp

CERN-ISR R422 (Split Field Magnet), 1988/1991
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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”.
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Fig. 3. The ) pair distributions are shown in (a) and (c) for the
pion and proton projectiles. Similarly, the distributions of J/¢’s
from the pairs are shown in (b) and (d). Our calculations are
compared with the 7~ 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/¢’s is twice the number

of pairs.
NAj3 Data

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

dp;
[ [izs dxid?ke
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= N,at (Mg)
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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 7~ 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/¢’s is twice the number

of pairs.
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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
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Fig. 3. The ) pair distributions are shown in (a) and (c) for the
pion and proton projectiles. Similarly, the distributions of J/¢’s
from the pairs are shown in (b) and (d). Our calculations are
compared with the 7~ 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/¢’s is twice the number

of pairs.
NAj3 Data

Excludes "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
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Production of & Doulble-Chowrm Bawryow
SELEX highxg <y >=0.33



Leading chawvw production inv

proton fragmentatiow regiow
at the EIC

Intrinsic charm and bottom quarks P
have same rapidity as valence quarks

¢ u
Produce =Z(ced), B(bu), A(cbu), Z(bbu) / e

Coalescence of Comoving Charm and Valence Quarks
Produce J /vy, A, and other Charm Hadrons at High xz




Production of & Doulble-Chowrm Bawryow
SELEX highxg <y >=0.33



Doubly Charmed Baryons

BARYONS WITH LOWEST SPIN (J =/2) BARTONSWITHHISHEST GEIN [=%)

THREE CHARM QUARK

SELEX candidates

SELEX
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TWO CHARM QUARKS not yet

observed

TWO CHARM QUARKS

ATt

neutron
udd

Z+

NO CHARM QUARK
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Jurgen Engelfried




=c(3780)"" — ATK—ntr™

@ Re-Analyzed Data
@ Restrict to X ~"—Beam

@ Peak wider than
Resolution

@ Half decay to =,(3520)
@ Still working on Details

Jurgen Engelfried

Events/15 MeV/c?

DCB

12 U Ee—
A K X Beam
0l peak: 3780 MeV/c?
- 5binsig/bkg: 22/12
gl Gaussian significance: 630
Poisson Prob.: <1.0x 10”7
[ mixed event bkg
6 I absolute normalization
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M(A, K * %) GeV/c?
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Intrinsic Choawmv Mechanism for Inclusive
High-Xr Quawkoniwm Productio

pp — J/PpX
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Goldhaber, Kopeliovich, Soffer,
Schmidt, sjb
Quarkonia can have 80% of Proton Momentum!

Color-octet 1C interacts at front surface of nucleus

IC can explains large excess of quarkonia at large xr, A-dependence



Intrinsic Chowrmv Mechanism for Inclusive
High-Xr Higgs Production

>
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Goldhaber, Kopeliovich,
Also: intrinsic bottom, top Schmidt, sjb

Higgs can have 80% of Proton Momentum!

New seawchv strategy for Higgs



Intrinsic Chawrm Mechanism for
txclusive Diffraction Production

pp—J/Wpp
P
we Xy = Xe T X
0
Elo Exclusive Diffractive
High-Xr Higgs Production
v Kopeliovitch,

. Schmidt, Soffer, sjb

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

color exchange RHIC Experiment



PRL 84 3256 (2000); PRL 72, 2542 (1994)

|

08

07 r

0.6

800 GeV p-A (FNAL) o,=0,*A%

open charm: no A-dep |
at mid-rapidity

P

* Jhy =
mR Ty ——E
D (E789) oF
EREE/NUSea -
BOO GeV p + A —» Jhy '
0.0 0.2 0.4 0.6 OB

M. Leitch

da:F(pA — J/YX)



|

08

07 r

0.6

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

open charm: no A-dep |
at mid-rapidity

P

* Jhy =
mR Ty ——E
D (E789) oF
EREE/NUSea -
BOO GeV p + A —» Jhy '
0.0 0.2 0.4 0.6 OB

M. Leitch
da:F(pA — J/YX)

Remawkably Strong Nuclear
Dependence for Fast Charmoninw
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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
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Heawvy Quawk Anomalies

Nuclear dependence of .J/v hadroproduction
Violates PQCD Factorization: A%(xr) not A%(x2)

Huge A2?/3 effect at large xp



J/y nuclear dependence vrs rapidity, XAy XF M. Leitch

PHENIX compared to lower energy measurements
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NAGO pA data @ 158GeV
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Kopeliovich,
Color-Opaque IC Fock stales  Schmidt, Soffer, sjb

interacty onv nuucleoawr front suwface
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Color-Opaque IC Fock stales  Schmidt, Soffer, sjb

interacty onv nuucleoawr front suwface
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Kopeliovich,

Color-Opaque IC Fock stales  Schmidt, Soffer, sjb
interacty onv nuucleoawr front suwface

Scattering ow front-face nucleow produces color-singlet cc paiv

Octet-Octet IC Fock State
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Kopeliovich,
Color-Opaque IC Fock stales  Schmidt, Soffer, sjb

interacty onv nuucleoawr front suwface

Scattering ow front-face nucleow produces color-singlet cc paiv

Octet-Octet IC Fock State No- absovption of
\ small colov-singlet
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F(pA — J/PX) = A?/3 X f2 (pN — J/9X)
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Excess beyond conventional PQCD subprocesses



do/dx (nb)
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da:F (pA — J/

Protons 200 GeV/c

Hard component dch/dx

Dashed line:

full line total).

gluon—gluon fusion; dash-dotted line
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QCD constraints on the shape of polarized quark
and gluon distributions *

Stanley J. Brodsky °, Matthias Burkardt ™!, Ivan Schmidt °

? Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA
® Center for Theoretical Physics, Laboratory for Nuclear Science, and Department of Physics,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA
¢ Universidad Federico Santa Maria, Casilla 110-V, Valparaiso, Chile

The limiting power-law behavior at x — 1 of the helicitv-dependent distributions
derived from the minimally connected graphs 3

Gq/H""’(]._JC)p, 2

where

p=2n—1+2A4S,.
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Excess beyond conventional PQCD subprocesses



e IC Explains Anomalous a(xzr) not a(xo)
dependence of pA — J/¢Y X
(Mueller, Gunion, Tang, SJB)

e Color Octet IC Explains A2/3 behavior at
high 2z (NA3, Fermilab) Color Opaqueness
(Kopeliovitch, Schmidt, Soffer, SJB)

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

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

Higgs production at xr = 0.8



Why s Intrinsic Chawmy Important 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,

bcc, bbb, at high xr

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

J / w — ,07T 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

Fixed target program at LHC: produce bbb states

Orsay, October 18, 2011 Novel Heavy Quark Phenomena Stan Brodsky, SLAC
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Example of a higher-twist
direct subprocess

X1
Chicago-Princeton
Collaboration

Phys.Rev.Lett.55:2649,1985
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N — ut u- X at high xr

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

Distribution amplitude from AdS/CFT

Entire pion wf
contributes to I
hard process
Virtual photon 1s
longitudinally
polarized

. . . . . Berger, sjb
Stmzilar bigher twist terms ins,  Knoze, Brandenburg, Muller, sjb

Jjet badronization at large _ Hoyer Vanttinen



Berger, Lepage, sjb

Initial State
Interaction
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Pion appears directly in subprocess at large xr



Berger, Lepage, sjb
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Pion appears directly in subprocess at large xr
AW of the piow's momentum iy transferved to-the leptovw paiv
Lepton Pair s produced longitudinally polariged



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

Crucial Test of Leading -Twist QCD:

Scaling at fixed xr
E— HX) = rr = —m
d3p (pp — ) pgeff NE

Parton model: neg =4

As fundamental as Bjorken scaling in DIS

scaling law: neg = 2 Nactive = 4
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‘g’._____________,
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Nactive = 4

Neff= 2Nactive - 4
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u Deff=4
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19F p+p collisions \s=20-1800GeV
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Leading-Twist Contribution to- Hadronw Production




QCD prediction;. Modificationw of power fall-off due to-
DGLAP evolution and the Running Coupling

3 T n(x
: d3p/E B pL( 1)
¥ — photon INCLNLO
7 | — pion ]
6 / pp — X
pp — yX
sl CTEQ6.6 PDF
DSS/BFG FF
3 scales=p, :
f V0 f
2 5 | | | | I R r | | |
Arleo, 10 10 b<pL <20 GeV
Hwang, Sickles, sjb Key test of PQCD: power- *

Pirner, Raufeisen, sjb low fall-off at fired xr 70 GeV < /s <4 TeV
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Protons produced in AuAu collisions at RHIC do not exhibit clear scaling properties in the

available pr range. Shown are data for central (0 — 5% ) and for peripheral (60 — 90%) collisions.
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Protons produced in AuAu collisions at RHIC do not exhibit clear scaling properties in the

available pr range. Shown are data for central (0 — 5% ) and for peripheral (60 — 90%) collisions.
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Protons produced in AuAu collisions at RHIC do not exhibit clear scaling properties in the

available pr range. Shown are data for central (0 — 5% ) and for peripheral (60 — 90%) collisions.
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Protons produced in AuAu collisions at RHIC do not exhibit clear scaling properties in the

available pp range. Shown are data for central (0 — 5%) and for peripheral (60 — 90%) collisions.
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@ Vs=38.8/31.6 GeV E706
@ Vs=62.4/22.4 GeV PHENIX/FNAL’
- ® Vs=62.8/52.7 GeV R806
10 - - Vs=52.7/30.6 GeV R806

- Vs=200/62.4 GeV PHENIX
" @ Vs=500/200 GeV UA1
" @ Vs=900/200 GeV UAT
8 " e Vs=1800/630 GeV CDF

N
°

Leading-Twist PQCD

7, Jets f
2  ® vs=1800/630 GeVCDFy A CDF jets ]
- m Vs=1800/630 GeV DO vy A DO jets :

! ! oo | ! ! Loy | ! !

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

- e s=38.8/31.6 GeV E706 |
- ® s=62.4/22.4 GeV PHENIX/FNAL

| » Vs=200/62.4 GeV PHENIX

g -® Vs=900/500 GeV UA1 * | -
- ® Vs=1800/630 GeV CDF 1
- ® Vs=1800/630 GeV CDF 2 1
| m \s=1800/630 GeV CDF y

g8 = Vs=1800/630 GevDOy - % | @#P T T
q

- A Vs=1800/630 GeV CDF jets
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Dimensional counting rules provide a simple rule-of-thumb guide for the
power-law fall-off of the inclusive cross section in both pr and (1 — zp) due to
a given subprocess:

dO- (1 _ xT)2nspectato7’_1

pTQnactive—4

where ngerive 1S the “twist”, i.e., the number of elementary fields participating
in the hard subprocess, and ngpectator 1S the total number of constituents in
A, B and C not participating in the hard-scattering subprocess. For example,
consider pp — pX. The leading-twist contribution from gq — qq has ngctjve = 4
and nNgpectator = 6. The higher-twist subprocess gg — pg has ngetive = 6 and
Nspectator = 4 . This simplified model provides two distinct contributions to the
inclusive cross section

do
d3p/E

1 — CE'T)ll

X B(l — .CCT)7

PT PT AN

and n = n(xr) increases from 4 to 8 at large .

(pp — pX) — !
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— (pp—>pX)=A( 4T) + B! ST)
d’p/E Pr PrN
and n = n(xr) increases from 4 to 8 at large . Small colovr-singlet
Color Transparent
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Scale dependence

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

A B
O_model(pp g X) x ();J_) 4+ ();L)
P! P
Define effective exponent
Iln O.model
neff(XJ_7pJ_7B/A) = T alnp +nNLO(XJ_7pJ_)_4

4

2B/A

_ NLO
T sz_—I_B/A_I_n (XJ_7PJ_)

Arleo,Hwang, Sickles, sjb



PHENIX results

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

RHIC/LHC predictions
PHENX results
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@ Magnitude of A and its x -dependence consistent with predictions

Arleo,Hwang, Sickles, sjb
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Bawyonw cawnv be made directly within hawd subprocess

Bjorken
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pawticle ratio- changes withv centrality!
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Power-law exponent n(xr) for n° and /4 spectra in central and peripheral Au+Au collisions at
/syy = 130 and 200 GeV

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

b+ includes protons
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BaryonwAnomaly: Evidence for Direct,
Higher-Twist Subprocesses

e Explains anomalous power behavior at fixed xt

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

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

¢ Predicts increasing proton to pion ratio in central collisions

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

e Fewer same-side hadrons for proton trigger at high

centrality

e Exclusive-inclusive connectionatxr=1

Arleo,Hwang, Sickles, sjb
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Direct Higher Twist Processes

® QCD predicts that hadrons can be produced

directly within hard subprocesses
® Exclusive and quasi-exclusive reactions

® Form factors, deeply virtual meson scattering

® Controlled by the hadron distribution

litud
TP o (24,Q)

® Satisfies ERBL evolution

Orsay, October 18, 2011 Novel Heavy Quark Phenomena Stan Brodsky, SLAC



Hadrow Distributionw Amplitudes

N

@ — —
ori(2,Q) = / PR by, Ko

2 @i=1 -
- Fixed T=t+4 z/c

® Fundamental gauge invariant non-perturbative
input to hard exclusive processes, heavy hadron

decays. Defined for Mesons, Baryons Lepage, Huang, sjb

. . Efremov, Radyushkin.
® ERBL Evolution Equations from PQCD, OPE,

. Sachrajda, Frishman Lepage,
® C(Conformal Invariance R = n’j’g’;r ‘zl”’g"
® Compute from valence light-front wavefunction

in light-cone gauge

Orsay, October 18, 2011 Novel Heavy Quark Phenomena Stan Brodsky, SLAC



QCD Mytny

® 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

Orsay, October 18, 2011 Novel Heavy Quark Phenomena Stan Brodsky, SLAC
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