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® |ntroduction
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® (Goal: study space-time properties of QCD

® in vacuum, in medium

® Use nuclei as spatial filters with known
properties:




Questions accessible at LOW ENERGIES:

* What is the lifetime of an energetic free quark?

* How long does it take to form a hadron, starting from
an energetic light quark! How does it happen?
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Questions accessible at LOW ENERGIES:

* What is the lifetime of an energetic free quark?

* How long does it take to form a hadron, starting from
an energetic light quark! How does it happen?

Hadron formation analog in QED:

* stationary electron receives hard ‘kick’
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Questions accessible at LOW ENERGIES:

* What is the lifetime of an energetic free quark?

* How long does it take to form a hadron, starting from
an energetic light quark! How does it happen?

Hadron formation analog in QED:
* stationary electron receives hard ‘kick’

. truncated f eld restored over tlme s
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Questions accessible at LOW ENERGIES:

* What is the lifetime of an energetic free quark?

* How long does it take to form a hadron, starting from
an energetic light quark! How does it happen?

Hadron formation analog in QED:
* stationary electron receives hard ‘kick’
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Questions accessible at LOW ENERGIES:

* What is the lifetime of an energetic free quark?

* How long does it take to form a hadron, starting from
an energetic light quark? How does it happen!?

Hadron formation analog in QED:
* stationary electron receives hard ‘kick’

* truncated field
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At HIGH ENERGIES:

* Test the predicted universal breakdown of QCD
factorization at large Feynman x

* Expect perturbative energy loss to be purely
proportlonal to path Iength squared
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Physical Pictures




Comparison of Parton Propagation in
Three Processes

h l [t
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matter

A\//’
hot QCD
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RHI Collisions



Deep Inelastic Scattering - Vacuum




Deep Inelastic Scattering - Vacuum
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Low-Energy DIS in Cold Nuclear Medium

Partonic multiple scattering:
medium-stimulated

gluon emission,

broadened pr
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Low-Energy DIS in Cold Nuclear Medium

Hadron forms inside the medium; then also have
prehadron/hadron interaction
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Drell-Yan in Cold Nuclear Medium

e.g., 800 GeV protons - no in-medium hadronization,
but do have pt broadening
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Relativistic Heavy lon
Collisions - parton
propagation in a hot
dense medium




Summary of Method, Low-Energy DIS

|dentify parton propagation phase by pt broadening
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Parton Propagation:
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Comparison of pt broadening data - Drell-Yan and DIS
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Production Time Extraction - Geometrical Effects

Quark Path Length * Nuclear Density vs. A"?

=
(=)

=
o

o
'S

o
w

>
=
(7))
c
Q
o
S
©
L
(S
=
2
x
L
e
(@)
c
O
-l
L
e
©
o
=
S
©
=
(&)

5 6 7 8 9 10
Mass number to the 1/3 power (A"?)




Production Time Extraction - Geometrical Effects

Quark Path Length * Nuclear Density vs. A"

3 [

‘® B Lp=20 fm

c

o 0.6—

o B

§ N

9 g5

= |

2 |

c 0.4

*é, C Lp=5 fm

Ty B

-1 0.3

= B

& - L,=3 fm

=< 0.2_—
a S N Lp=2 fm
& r

0.1 :— Lp=1 fm
S | | | | | | Lp=9'5 frrr
% 1 2 3 4 5 & 7 8 9 10

Mass number to the 1/3 power (A"?)



Production Time Extraction - Geometrical Effects

Quark Path Length * Nuclear Density vs. A"

3 [

‘® B Lp=20 fm

c

o 0.6—

o B

§ N

9 g5

= |

2 |

c 0.4

*é, C Lp=5 fm

Ty B

-1 0.3

= B

& - L,=3 fm

=< 0.2_—
a S N Lp=2 fm
& r

0.1 :— Lp=1 fm
S | | | | | | Lp=9'5 frrr
% 1 2 3 4 5 & 7 8 9 10

Mass number to the 1/3 power (A"?)
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Quark Path Length * Nuclear Density vs. A"
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Production Time Extraction - Geometrical Effects

Fits of Z-Scaled Broadening vs. A™

—e— Q°=3 GeV?, v=3.5 GeV, Z=0.45
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Pt Broadening - Theoretical Descriptions

% Color dipole formalism: Kopeliovich, Pirner

s pQCD: Majumder, Wang, BDMPS, Qiu, Guo,...
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Energy Loss in pQCD

® Partonic energy loss in QCD is well-studied: dozens of
papers over past |5 years

s Domlnant mechanlsm is gluon radlatlon elastic scatterlng |s
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Energy Loss in pQCD
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Color Dipole Formalism

® Total cross section, color dipole with nucleon:

. 2
Uc}q(”T,S):C(”,S)”T T Far

® At small r1, C is related to the proton gluon density:

2
T

C(rp.s)=—5G(x.0%)

s pr broadening of the quark can be expressed in terms of C(rr,s):

A (k2) = 20paL = GL = Z-G(z,Q*)paL

J. Dolejsi, |. Huefner, B.Z. Kopeliovich, Phys. Lett. B312 (1993) 235-239
M. B. Johnson, B. Z. Kopeliovich, and A.V.Tarasov, Phys. Rev. C 63,035203 (2001)
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® Energy dependence of C(rt=0,s
is expected to be small:




AkZ = Ap2 /2% = 2CpaL = L [RGBl [SRZeIgnEIN

® Energy dependence of C(r1=0,s)
is expected to be small:




AkZ = Ap2 /2% = 2CpaL = L [RGBl [SRZeIgnEIN

® Energy dependence of C(rt=0,s)
is expected to be small:

® Can assume C=2 and derive <L>;:

toy analysis

JLab = HERMES R (fm)



AW TPy VIRl Color Dipole Formalism

® Energy dependence of C(rt=0,s)
is expected to be small:

® Can assume C=2 and derive <L>;:
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pT broadening vs.

nu and Q2 for z=0.65 for Carbon, Iron, and Lead

pT broadening vs. nu and Q2 for z=0.55 for Carbon, Iron, and Lead

pT broadening vs. nu and Q2 for 2=0.45 for Carbon, Iron, and Lead
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Implications for LHeC

® Transverse momentum broadening will grow

slowly as energy increases, to perhaps 0.6 GeV? at
the partonic level for z=0.5

® Perturbative energy loss continues to be energy
mdependent proportlonal to |2, and smaII
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Hadron Formation:




N}?IS (Z,I/,p,_%-. 9Q2 aqb)
NS (v,Q?)

Hadronic multiplicity ratio NDPIS(1,Q2)

R%(Z7 Vjp%J Q27¢) — {

N}?I’S(Z,U’p%,Q2’¢) }
D

vV 100 (GeV)l| 0. D21 1.0 (GeV?)




HERMES data for He, Ne, Kr, Xe: tt", K**, p, antiproton

pions act similarly, K™ vs. K-, proton vs. antiproton

(each |-D plot is integrated over all other variables)




Multiplicity Ratios Calculations - Two Mechanisms




Multiplicity Ratios Calculations - Two Mechanisms

Models based primarily on partonic energy loss

A. Majumder, arXiv:0901.4516v2 [nucl-th]
F. Arleo et al. (EP) C 30,213 (2003))
X.N.Wang et al. (PRL 89, 162301 (2002))

Models based primarily on (pre)-hadronic interaction
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Multiplicity Ratios Calculations - Two Mechanisms

Models based primarily on partonic energy loss

A. Majumder, arXiv:0901.4516v2 [nucl-th]
F. Arleo et al. (EP) C 30,213 (2003))
X.N.Wang et al. (PRL 89, 162301 (2002))

Models based primarily on (pre)-hadronic interaction

B Z KQPe|IOVICh Nemchlk et aI (C g NPA 7402| I 2004)
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B.Z. Kopeliovich et al. / Nuclear Physics A 740 (2004) 211-245
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JLab/CLAS 3-D preliminary data
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JLab/CLAS Preliminary Data for C, Fe, Pb

v from 2-4 GeV, Q? from |-4 GeV?
in 8 v-Q? bins and 30 z bins per nucleus
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JLab/CLAS Preliminary Data for C, Fe, Pb

v from 2-4 GeV, Q? from |-4 GeV?
in 9 v-Q? bins and 30 p?t bins per nucleus
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JLab/CLAS Preliminary Data for C, Fe, Pb

z from 0.4-0.7 GeV, Q? from |-4 GeV?
in 9 z-Q? bins and 30 v bins per nucleus
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JLab/CLAS Preliminary Data for C, Fe, Pb
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Z from 0.4-0.7 GeV, v from 2-4 GeV,
in 9 z-v bins and 30 Q? bins per nucleus
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Latest Results: Hadron Attenuation from
Quantum Interference

® First fully quantum-mechanical calculation of in-medium
hadronization

® Perturbative fragmentation via the KPPS-Berger model (KPPS,
Phys. Lett. B662:117-122,2008, arXiv:0706.3059v| [hep-ph]

® Path-integral formulation of quantum mechanics (LCGF)
® phases and interferences; all relevant tlmescales
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E=10 GeV
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(- interference)
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Rvs Z for piont: hpion R Z
Entries 3778710
~ |Mean  0.4907

|RMS 02743

Rvs Z for piont: hpion R Z
Entries 3653606
— [Mean 04572
-~ (RMS__ 0743

Rvs Z for piont: hpion R Z
Entries 1505716
~ Mean  0.4406

[remmmmm———ls_

C(e e :rc+)

Q1 GeV2W>2 ------ G-e\-/ ---------

00 3 605 06 0T 68 09 1 Fe(een+) .
Z Q>1 Gev2, W>2 GeV

_IIII|IIII|IIII|IIII|IIII|IIII|IIII|III||IIII|IIII 0-4
00102030405060703091

Z

0.2_ Pb(e e TC+) : : ' '
Q2>1 GeV2 W>2 GeV

Structures above z=0.7: A

quantum interference! W02 03 04 05 06 07 08 09 1Z




AT LHEC

LHeC (educated guess)




AT LHEC

® Prediction of factorization breakdown at large xf:

B.Z. Kopeliovich, . Nemchik, |.K. Potashnikova, M.B. Johnson, and lvan
Schmidet, Phys. Rev. C72:054606, 2005.
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Schmidet, Phys. Rev. C72:054606, 2005.

® Authors explain a variety of data
within same picture - suppression of

particle production in dA, pA at
large X
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AT LHEC

® Prediction of factorization breakdown at large xf:

B.Z. Kopeliovich, . Nemchik, |.K. Potashnikova, M.B. Johnson, and lvan
Schmidet, Phys. Rev. C72:054606, 2005.

® Authors explain a variety of data
within same picture - suppression of
particle production in dA, pA at
large X

LHeC (educated guess)

® Explained alternatively as Sudakov
suppression near kinematic limit,
higher Fock state resolution from
nucleus, or as an effective
nonperturbative energy loss that
rises linearly with energy




FUTURE PROSPECTS

® FNAL: E906 Drell-Yan at 120 GeV

® LHC RHI data
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® A new wave of precision data!




CONCLUSIONS

® A new wave of precision data!

® Extraction of space-time behavior in fundamental QCD
processes: gluon bremsstrahlung and hadron formation

® production times
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CONCLUSIONS

® A new wave of precision data!

® Extraction of space-time behavior in fundamental QCD
processes: gluon bremsstrahlung and hadron formation

® production times
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FNAL E906

® Drell-Yan at 120 GeV

® Remove analysis ambiguity
between shadowing and
energy loss

E906 Expected Uncertaities

< 0.046 GeV/fm® L?

Brodsky and Hoyer
<0.44 GeV/fm

Johnson et al.
2.2 GeV/fm




Examples of Experimental Data and Theoretical Predictions

Q=2 GeV*
v=23 GV

Q=4 GeV? Q=5 GeV®
=4 eV =4 eV

Q=5 GaV 0= 6GeV?
v=>0 Gev u v=06 GeV

Q=6 GeV* Q*=8GeV?
v=7 GV B v=7 GeV

O*=6 GeV*

2
b
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hadron . mass flavor
(GeV) content

detection
channel

Production rate
per 1k DIS events

25 nm 0.13 utidd
7.8 m 0.14 wud

7.8 m 0.14 du
0.17 nm 0.55 uiidds

23 fm 0.78  wudds
0.98 pm 0.96 uiidds

44 tm 1.0 uiidds

8 fm 1.3 uudd

W W W W W

w

3.7 m 0.49 US

3.7 m 0.49 us

27 mm 0.50 ds

stable 0.94 ud

stable 0.94 id

A 79 mm 1.1 uds
A(1520) 13 fm 1.5 uds
¥t 24 mm 1.2 Us
° 22 pm 1.2 uds
=" 87 mm 1.3 Us
B 49 mm 1.3 ds

YY
direct
direct

YY

— 0
7T+7T’IT

tr

K K~
T
direct
direct

T
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direct
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CLAS |2 Hadrons




Mesons and Baryons
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CLASI2 Geometric Acceptances for
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Hall D pt Broadening Measurements
(Jefferson Lab at 12 GeV)

Processes in-medium:

Color-neutral
2-gluon exchange
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Hall D Absorption Measurements

Processes in-medium: Inelastic interaction of
dipole/prehadron/meson -

‘attenuation’







COMPARISON: HERMES AND
6 GEV CLAS

s HERMES

® More hadrons: all pions, protons, antiprotons, K*, K-
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