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Introduction

Color Transparency

is a QCD phenomenon which predicts a reduced level of
interaction for reactions where the particle state is produced in

a point-like configuration.

EG2 experiment using the CLAS detector at Jefferson Lab

The Nuclear Transparency was measured in ρ0

electro-production through nuclei. A signal of Color
Transparency will be an increase of the Nuclear Transparency

with a correspondent increase in Q2
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Coherence Length effect with the Glauber model

An approximation of scattering through Quantum Mechanics

”High-Energy collision theory”, by R.J. Glauber

Using hadron picture for Nuclear Interaction.

J.Hüfner et al., Phys. Lett. B383 (2996) 362

were able to parameterize the Q2 and ν dependence of the Nuclear
Transparency due to Coherence length effect
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Coherence Length effect with the Glauber model

K. Ackerstaff, PRL 82, 3025 (1999)
Exclusive ρ0 electro-production, Coherence length ( lc ) effect

lc = 2ν
M2

V +Q2

Cross section
dependence on lc

Mimics CT signal
for incoherent ρ0

production
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QCD model and Color Transparency

What is missing in the previous model?

In the Glauber model, that gives a Quantum mechanical
description of the interaction with matter, there is no mention

of the particles to be considered as a composite system of
quarks.

Glauber model

No other Q2 dependence other than the one due to the
coherence length effect
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Point like configuration

What is it?

High Q2 in the reaction will select a very special configuration
of the hadron wave function, where all connected quarks are

close together, forming a small size color neutral configuration.

Momentum

Each quark, connected to another one by hard gluon exchange
carrying momentum of order Q should be found within a

distance of the order of 1
Q

Color Transparency

Such an object is unable to emit or absorb soft gluons ⇒ its
interaction with the other nucleons is significantly reduced
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A lot of EXPERIMENTS since 1988

Quasi-elastic A(p,2p) [Brookhaven]

Quasi-elastic A(e,ep) [ SLAC and Jlab]

Di-jets diffractive dissociation. [Fermilab]

Quasi-elastic D(e,ep) [Jlab - CLAS]

Pion Production 4He,( γ n → p π− ) [Jlab]

Pion Production A(e,eπ+) [Jlab]

ρ0 lepto production. [Fermilab, HERMES]

ρ0 lepto production & D(e,ep) [ Jlab - CLAS ]
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OTHER EXPERIMENTS, Thomas Jefferson Lab: Hall A

D. Dutta, PRC 68, 021001 (2003)
Pion photo-production on 4He, ( γ n → p π− )

at θπcm = 70◦ at θπcm = 90◦
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Thomas Jefferson Lab: Hall C

B. Clasie, PRL 99, 242502 (2007)
Pion e-production on 2H,12C ,27Al ,63Cu and 197Au ,
( γ∗ p → n π+ )

T =
( Ȳ

ȲMC
)A

( Ȳ
ȲMC

)H

T = Aα−1, with α ∼ 0.76
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HERA positron storage ring at DESY: HERMES

A. Airapetan, PRL 90, 052501 (2003)
Measurement of the Nuclear Transparency, incoherent ρ0 prod.
TA = P0 + P1 Q

2 ,with P1 = (0.089± 0.046± 0.020)GeV−2
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Thomas Jefferson Lab: CLAS EG2 experiment

Electron Beam 5GeV (50 days) & 4GeV (7days)

Targets: D&Fe, D&C, D&Pb

Luminosity ∼ 2x1034cm−2s−1
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Eg2 experiment target
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Eg2 experiment target
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Reaction
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analysis effort. B.M. developed the Monte-Carlo simulation code. K.H and W.K.B 

were the run coordinators for the experiment, which lasted 3 consecutive months. 

H.H. implemented the targets configuration in the simulation code and X.Z. studied 

the systematic effects related to the determination of deuterium target thickness. K.H. 

coordinated the manuscript preparation. L.E., L.Z. K.H., M.H and B.M. made 

equivalent contributions and should be considered joint first authors. All the other 

authors are members of CLAS collaboration and contributed to the preparation of the 

experiment, data taking, data analysis review and manuscript review. 

 

Author information Reprints and permissions information is available at 

www.nature.com/reprints. Correspondence and requests for materials should be 

addressed to K.H. (kawtar@anl.gov). 

 

Figure 1: An illustration of the creation of a small size configuration (SSC) 
inside the nucleus. The scattered electron exchanges a virtual photon with 
the nucleus. The virtual photon fluctuates into a 

€ 

qq  pair. This virtual pair 

scatters diffractively on a nucleon and materializes into a real SSC of the ρ0 

meson with a small transverse separation. The SSC then travels through 
the nuclear medium evolving to a fully formed ρ0 meson, which later decays 
to a pair of oppositely charged pions. Because of the smaller size of the 
carbon nucleus compared to iron, the SSC will spend shorter time inside 
carbon. 
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Reaction Variables and kinematical cuts

N

q

q

_

t
N’

0

Q2 = −(qµγ∗)
2 ∼ 4EeEe′ sin2( θ2 )

ν = Ee − Ee′

t = (qµγ∗ − pµ
ρ0)2

W 2 = (qµγ∗ + pµN)2 ∼
−Q2 + M2

p + 2Mpν

Data Selection:

W > 2GeV , to avoid the resonance region

−t > 0.1GeV 2 to exclude coherent production off the nucleus

−t < 0.4GeV 2 to be in the diffractive region

z =
Eρ
ν > 0.9 to select the elastic process
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Mππ invariant mass, showing ρ0 peak

Kinematical cuts:

Select the physics of
interest

Enhance the ρ0 peak

Cut a lot of data
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Mππ invariant mass, showing ρ0 peak

Invariant mass for H2, C and Fe
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Figure 4: The invariant mass of the pion-pair for deuterium, carbon and iron 
including background contributions (colored area underneath the peaks). The 
peak positions and widths of the ρ0 meson agree with the Particle Data Group 
values for all targets. The solid lines are obtained from Monte-Carlo 
simulations. 
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Extraction of the Nuclear Transparency

The goal of the experiment is to determine the Nuclear

Transparency T ρ0

A as a function of Q2 and lc

T ρ0

A =
(

Nρ
0

A

Lint
A

)

(
Nρ

0

D

Lint
D

)

where Lint
A is the integrated luminosity for the target A

Lint
A = nnucleons

A

Qint

qe
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Nuclear Transparency for Iron and Carbon

lc dependence of Nuclear Transparency
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Figure 3: (color online) Nuclear transparency as a function of lc. The
inner error bars are the statistical uncertainties and the outer ones are
the statistical and point-to-point (lc dependent) systematic uncertain-
ties added in quadrature. There is an additional normalization sys-
tematic uncertainty of 1.9% for carbon and 1.8% for iron (not shown
in the figure) with acceptance and background subtraction being the
main sources. The carbon data has been scaled by a factor 0.77 to fit
in the same figure with the iron data.

the simulation. The magnitudes of each contributing210

process were taken as free parameters in the fit of211

the mass spectra. The acceptance correction to the212

transparency ratio was found to vary between 5 and213

30%. Radiative corrections were extracted for each214

(lc, Q2) bin using our MC generator in conjunction215

with the DIFFRAD [34] code developed for exclusive216

vector meson production. The radiative correction to217

the transparency ratio was found to vary between 0.4218

and 4%. An additional correction of around 2.5% was219

applied to account for the contribution of deuterium220

target endcaps. The corrected t distributions for exclu-221

sive events were fit with an exponential form Ae−bt. The222

slope parameters b for 2H (3.59 ± 0.5), C (3.67 ± 0.8)223

and Fe (3.72 ± 0.6) were reasonably consistent with224

CLAS [35] hydrogen measurements of 2.63 ± 0.44225

taken with 5.75 GeV beam energy.226

The transparencies for C and Fe are shown as a227

function of lc in Fig. 3. As expected, they do not exhibit228

any lc dependence because lc is much shorter than the229

C and Fe nuclear radii of 2.7 and 4.6 fm respectively.230

Consequently, the coherence length effect cannot mimic231

the CT signal in this experiment.232

Fig. 4 shows the increase of the transparency with233

Q2 for both C and Fe. The data are consistent with234

expectations of CT. Note that in the absence of CT235

effects, hadronic Glauber calculations would predict236

no Q2 dependence of TA since any Q2 dependence in237

the ρ0 production cross section would cancel in the238

ratio. The rise in transparency with Q2 corresponds239
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Figure 4: (color online) Nuclear transparency as a function of Q2.
The inner error bars are statistic uncertainties and the outer ones are
statistic and point-to-point (Q2 dependent) systematic uncertainties
added in quadrature. The curves are predictions of the FMS [39] (red)
and GKM [38] (green) models with (dashed-dotted and dashed curves,
respectively) and without (dotted and solid curves, respectively) CT.
Both models include the pion absorption effect when the ρ0 meson
decays inside the nucleus. There is an additional normalization sys-
tematic uncertainty of 2.4% for carbon and 2.1% for iron (not shown
in the figure).

to an (11 ± 2.3)% and (12.5 ± 4.1)% decrease in240

the absorption of the ρ0 in Fe and C respectively.241

The systematics uncertainties were separated into242

point-to-point uncertainties, which are lc dependent in243

Fig. 3 and Q2 dependent in Fig. 4 and normalization244

uncertainties, which are independent of the kinematics.245

Effects such as kinematic cuts, model dependence in246

the acceptance correction and background subtraction,247

Fermi motion and radiative correction were studied248

and taken into account in the systematic uncertainties249

described in details in [36]. The fact that we were250

able to observe the increase in nuclear transparency251

requires that the SSC propagated sufficiently far in the252

nuclear medium and experienced reduced interaction253

with the nucleons before evolving to a normal hadron.254

The Q2 dependence of the transparency was fitted by255

a linear form TA = a Q2 + b. The extracted slopes “a”256

for C and Fe are compared to the model predictions in257

Table 1. Our results for Fe are in good agreement with258

both Kopeliovich-Nemchik-Schmidt (KNS) [37] and259

Gallmeister-Kaskulov-Mosel (GKM) [38] predictions,260

5
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Nuclear Transparency for Iron and Carbon

Table 1: Fitted slope parameters of the Q2-dependence of the nuclear
transparency for carbon and iron nuclei. The results are compared with
theoretical predictions of KNS [37], GKM [38] and FMS [39].

Measured Slopes Model Predictions
Nucleus GeV−2 KNS GKM FMS
C 0.044 ± 0.015stat ± 0.019syst 0.06 0.06 0.025
Fe 0.053 ± 0.008stat ± 0.013syst 0.047 0.047 0.032

but somewhat larger than the Frankfurt-Miller-Strikman261

(FMS) [39] calculations. While the KNS and GKM262

models yield an approximately linear Q2 dependence,263

the FMS calculation yields a more complicated Q2264

dependence as shown in Fig. 4. The measured slope265

for carbon corresponds to a drop in the absorption of266

the ρ0 from 37% at Q2 = 1 GeV2 to 32% at Q2 = 2.2267

GeV2, in reasonable agreement with the calculations.268

Despite the differences between these models in the269

assumed production mechanisms and SSC interaction270

in the nuclear medium, they all support the idea that271

the observed Q2 dependence is clear evidence for the272

onset of CT, demonstrating the creation of small size273

configurations, their relatively slow expansion and their274

reduced interaction with the nuclear medium.275

The onset of CT in ρ0 electroproduction seems to276

occur at lower Q2 than in the pion measurements. This277

early onset suggests that diffractive meson production278

is the optimal way to create a SSC [26]. The Q2279

dependence of the transparency ratio is mainly sensitive280

to the reduced interaction of the SSC as it evolves281

into a full-sized hadron, and thus depends strongly on282

the expansion length over which the SSC color fields283

expand to form a ρ0 meson. The expansion length284

used by the FMS and GKM models is between 1.1 and285

2.4 fm for ρ0 mesons produced with momenta from 2286

to 4.3 GeV while the KNS model uses an expansion287

length roughly a factor of two smaller. The agreement288

between the observed Q2 dependence and these models289

suggests that these assumed expansion distances are290

reasonable, yielding rest-frame SSC lifetimes of about291

0.5 − 1 × 10−24 second.292

In summary, we have experimentally observed the293

formation of small size configurations in diffractive ρ0294

meson electroproduction and its reduced interaction as295

it travels through the nucleus. Our data are consistent296

with expectations of color transparency and, based on297

the existing models, provide the first estimate of the ex-298

pansion time (lifetime) for these exotic configurations.299

Having established these features, detailed studies of300

the theoretical models will allow the first quantitative301

evaluation of the structure and evolution properties302

of the SSCs. Such studies will be further enhanced303

by future measurements [40], which will include304

additional nuclei and extend to higher Q2 values.305
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Glauber model

An approximation of scattering through Quantum Mechanics

”High-Energy collision theory”, by R.J. Glauber

Using hadron picture for Nuclear Interaction.
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Glauber model

Γγ
∗V

A (~b) =
A∑

j=1

(a)︷ ︸︸ ︷
Γγ
∗V

N (~b − ~sj )

(b)︷ ︸︸ ︷
e i qLzj

(c)︷ ︸︸ ︷
A∏

k ( 6=j)

[
1− ΓVV

N (~b − ~sk ) θ(zk − zj )
]

V

Nucleus

Nucleons
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(a)

Γγ
∗V

N (~b − ~sj ) is the vector meson
photo-production amplitude on a
nucleon
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(b)

Considering the quantities
Longitudinal and transverse to the
axis z of symmetry,

qL = pγ
∗

L − pV
L =

Q2 + M2
V

2ν

lc = 1
qL

= 2ν
Q2+M2

V

for (zj1 − zj2 ) < lc contributions will
add coherently
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Glauber model
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(b)

lc = 1
qL

= 2ν
Q2+M2

V

The γ∗ interacts simultaneously with
all the target nucleons within a
distance lc
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Glauber model

Γγ
∗V

A (~b) =
A∑

j=1

(a)︷ ︸︸ ︷
Γγ
∗V

N (~b − ~sj )

(b)︷ ︸︸ ︷
e i qLzj
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A∏
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1− ΓVV

N (~b − ~sk ) θ(zk − zj )
]
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*
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z > zj
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(b−sj )

(c)

small scattering (~k ∼ ~k ′) on the nuclei
with zk > zj

~k ∼ ~k ′ ∼‖ ẑ =⇒ (~k − ~k ′) ∼⊥ ẑ

Γ(~b) = (e iχ(~b) − 1) and

χVV
tot =

∑
m χ

VV
m (~b − ~sm)

⇓

e i
∑

m χ
VV
m (~b− ~sm) =

∏
m

(1−ΓVV
m (~b− ~sm))
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Glauber model

Γγ
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]
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(c)

with this easy model ( J.Hüfner et al.,
Phys. Lett. B383 (2996) 362) were
able to parameterize the Q2 and ν
dependence of the Nuclear
Transparency due to Coherence length
effect



Outline Background Theoretical introduction Experiments CLAS EG2 Results Conclusions Backup

Glauber model

(c)

with this easy model ( J.Hüfner and
oth., arXiv:nucl-th 9605007) were able
to parameterize the Q2 and ν
dependence of the Nuclear
Transparency due to Coherence length
effect
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HERA positron storage ring at DESY: HERMES

K. Ackerstaff, PRL 82, 3025 (1999)
Exclusive ρ0 electro-production, Coherence length ( lc ) effect

lc = 2ν
M2

V +Q2

Cross section
dependence on lc

Mimics CT signal
for incoherent ρ0

production
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EG2 and HERMES kinematical range

HERMES experiment kinematical
range:

0.8GeV 2 < Q2 < 4.5GeV 2

5GeV < ν < 24GeV
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EG2 and HERMES kinematical range

 (GeV)ν
2 2.5 3 3.5 4 4.5

)2
 (

G
eV

2
Q

0.5

1

1.5

2

2.5

3

EG2 experiment kinematical
range:

0.9GeV 2 < Q2 < 2GeV 2

2.2GeV < ν < 3.5GeV
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EG2 and HERMES kinematical range

EG2 experiment kinematical range:

0.9GeV 2 < Q2 < 2GeV 2

2.2GeV < ν < 3.5GeV
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EG2 experimental lc dependence?

lc vs Q2 range for Iron target
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EG2 experimental lc dependence?

lc vs Q2 range for Iron target 1.0GeV 2 < Q2 < 1.6GeV 2

)−1 (GeVcl
2 2.5 3 3.5 4 4.5

T
0.36

0.38

0.4

0.42

0.44

0.46

0.48

0.5

0.52

0.54
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EG2 experimental lc dependence?

lc vs Q2 range for Iron target 1.0GeV 2 < Q2 < 2.2GeV 2

)−1 (GeVcl
2 2.5 3 3.5 4 4.5

T
0.36

0.38

0.4

0.42

0.44

0.46

0.48

0.5

0.52

0.54
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Point like configuration

What is it?

High Q2 in the reaction will select a very special configuration
of the hadron wave function, where all connected quarks are

close together, forming a small size color neutral configuration.

Momentum

Each quark, connected to another one by hard gluon exchange
carrying momentum of order Q should be found within a

distance of the order of 1
Q

Color Transparency

Such an object is unable to emit or absorb soft gluons ⇒ its
interaction with the other nucleons is significantly reduced
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Point like configuration: The distribution amplitude

The distribution amplitude is (Lepage and Brodsky, PRD 22, 2157)

φ(Q2, x) =

∫ Q2

0
d2kTψ(kT , x) ; (x = Longitudinal momentum fraction)

if we expand this expression in Fourier series

φ(Q2, x) =

∫ Q2

0
d2kT

∫
d2bT e i ~bT · ~kT ψ̃(bT , x)

and assume cylindrical symmetry around ~kT

φ(Q2, x) = (2π)2

∫ ∞
0

db Q J1(Qb)ψ̃(bT , x)
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Point like configuration: The distribution amplitude

φ(Q2, x) = (2π)2
∫∞

0
db Q J1(Qb)ψ̃(bT , x)
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Point like configuration: The distribution amplitude

φ(Q2, x) = (2π)2
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At high Q2 the distribution amplitude
tends to evaluate the wave function at
points of small transverse space
separation ( ~bT )

Short distance is a statement about a
dominant integration region

Each quark, connected to another one
by hard gluon exchange carrying
momentum of order Q should be
found within a distance O( 1

Q
)
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Color Interaction: Simple model (P. Jain et al., PR271, 93)

See P. Jain et al. , Physics Report 271 (1996) 93
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+ +
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K(xi , x
′
j ) ∝︷ ︸︸ ︷

V (x1 − x2)V (x1 − x2)− V (x1 − x2)V (x′1 − x2) + V (x′1 − x2)V (x′1 − x2)− V (x′1 − x2)V (x1 − x2)
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Color Interaction: Simple model (P. Jain et al., PR271, 93)

K (xi , x
′
j ) ∝ [V (x ′1 − x2)− V (x1 − x2)]2

for (bT = |x ′1 − x1| ⇒ 0) , I have f (x ′1)− f (x1) ∼ |x ′1 − x1| df
dx1

K (xi , x
′
j ) ∼ {bT · ∇[V (x1 − x2)]}2
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Color Interaction: Simple model (P. Jain et al., PR271, 93)

K (xi , x
′
j ) ∝ [V (x ′1 − x2)− V (x1 − x2)]2

for (bT = |x ′1 − x1| ⇒ 0) , I have f (x ′1)− f (x1) ∼ |x ′1 − x1| df
dx1

K (xi , x
′
j ) ∼ {bT · ∇[V (x1 − x2)]}2

⇓

K (xi , x
′
j ) ∝ (bT )2
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Finally: Color Transparency

(1)

(2)

(3)

At the time of the reaction, the hadron has to
fluctuate to a Point Like configuration

This configuration will experience a reduced
interaction in the nucleus

A signature of Color Transparency will be an increase
in nuclear transparency TA with an increase in the

hardness of the reaction, driven by Q2
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Lengths in the reaction, order of magnitude

N
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Q2

 fm
0 0.2 0.4 0.6 0.8 1 1.2 1.4

0

200

400

600

800

1000

1200

1400

1600

1800

f m0 1 2 3 4 5

nucleon

Carbon

Iron
R    1.1 A

1 / 3



Outline Background Theoretical introduction Experiments CLAS EG2 Results Conclusions Backup

Lengths in the reaction, order of magnitude
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Kinematical cuts

W > 2GeV , to avoid the
resonance region
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elastic process



Outline Background Theoretical introduction Experiments CLAS EG2 Results Conclusions Backup

Kinematical cuts

W > 2GeV , to avoid the
resonance region

−t > 0.1GeV 2 to exclude
coherent production off the
nucleus

−t < 0.4GeV 2 to be in the
diffractive region

z =
Eρ

ν
> 0.9 to select the

elastic process



Outline Background Theoretical introduction Experiments CLAS EG2 Results Conclusions Backup

Diffractive ρ0 production

PINAN11, Marrakech, 2011 Maurik Holtrop  - University of New Hampshire

Diffractive ρ0 production.

23

104

105

106

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

-t (GeV/c)2

N
W

2H

Fe

104

105

106

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

-t (GeV/c)2
N

W C

C

-t dependence show the rapid fall expected for incoherent 
diffractive ρ0 production, consistent with CLAS data: (2.63 ± 0.44)

(3.58 ± 0.5)
(3.67 ± 0.8) 

(3.72 ± 0.6)

Morrow JLAB-PHY-08-831, arXiv:0807.3834

Aebt
Fit to:

23Tuesday, September 27, 11
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Background Study and Simulation
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As event generator used the one
implemented by B. Mustapha (ANL)

Tune to the Eg2 experiment
configurations

Radiative Effects, Fermi motion of target

Possibility of using experimental cross
section (D.Cassel, Physical Review D, 24
(1981)) for tuning the different
contributions in our kinematics

Background assumed composition:

1 γ∗ + p =⇒ ∆++ + π−

2 γ∗ + p =⇒ ∆0 + π+

3 γ∗ + p =⇒ p + π+ + π−
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Acceptance correction

In CLAS comprehensive of:

Acceptance: Geometry of CLAS is not 4π

Efficiency: considering together:
1 Detectors
2 Reconstruction protocol
3 Analysis
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Acceptance correction

Unexpectedly large effect
of acceptance

Due to:
1 tight kinematic cuts,
2 complicated detector
3 targets not at identical

location (5 cm from
each other)
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Acceptance correction

Iron at 4GeV

/c)2 (GeV2Q
0.6 0.8 1 1.2 1.4 1.6 1.8

T

0.36

0.38

0.4

0.42

0.44

0.46

0.48

0.5

0.52

0.54 Determined the correction
with 2 methods

1 green: bin to bin
2 red: bin to migration
3 consider as systematic

error
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Extraction of the Nuclear Transparency

The goal of the experiment is to determine the Nuclear

Transparency T ρ0

A as a function of Q2 and lc

T ρ0

A =
(

Nρ
0

A

Lint
A

)

(
Nρ

0

D

Lint
D

)

where Lint
A is the integrated luminosity for the target A

Lint
A = nnucleons

A

Qint

qe
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L. Frankfurt, G.A. Miller, M. Strikman Model

L. Frankfurt, G.A. Miller, M. Strikman, arXiv: 0803.4012v2
[nucl-th]

Glauber based calculation.

Includes experimental conditions.

Includes the ρ0 decay.

With of without the Color Transparency effect.
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L. Frankfurt, G.A. Miller, M. Strikman Model

dσ
dt =

∑∞
n=0

dσn
dt =⇒ TA =

dσ
dt

A dσγ
∗V

dt

=
∑∞

n=0

dσn
dt

A dσγ
∗V

dt

=
∑∞

n=0 Tn

The full cross section will be given by the sum of all the
possible different number of elastic re-scattering ( n in
equation)
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L. Frankfurt, G.A. Miller, M. Strikman Model

dσ
dt

=
∑∞

n=0
dσn
dt

=⇒ TA =
dσ
dt

A dσγ∗V

dt

=
∑∞

n=0

dσn
dt

A dσγ∗V

dt

=
∑∞

n=0 Tn

dσ0
dt

=

(a)︷ ︸︸ ︷
A
dσγ

∗V

dt

∫
d2b

∫ ∞
−∞

dz ρ(b, z)

(b)︷ ︸︸ ︷
(1−

∫ ∞
z

dz ′σtotρ(b, z ′))A−1

(a) represents the sum of all the possible contributions for scattering a
Vector meson from a γ∗ in a target with density given by ρ(b, z ′)

(b) refers to the probability of not having an elastic re-scattering
(1−

∫∞
z

dz ′σtotρ(b, z ′)) from all the remaining nucleons (A− 1) starting
from the point z of the vector meson’s creation
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dσ
dt

=
∑∞

n=0
dσn
dt

=⇒ TA =
dσ
dt

A dσγ∗V

dt

=
∑∞

n=0

dσn
dt

A dσγ∗V

dt

=
∑∞

n=0 Tn

dσ0
dt

= A dσγ∗V

dt

∫
d2b

∫∞
−∞ dz ρ(b, z)(1−

∫∞
z

dz ′σtotρ(b, z ′))A−1

σD
eff (z ′ − z , pρ0 ) =σtot(pρ0 )

[(
n2 < k2

T >

Q2
+

z

lh
(1− n2 < k2

T >

Q2
)

)
θ(lh − (z ′ − z))

]
+ σtot(pρ0 )

[
θ((z ′ − z)− lh) exp

(
−

Γρ0

γp
ρ0

(z ′ − z)

)]

+ 2σπN (
pρ0

2
)

[
θ((z ′ − z)− lh)

(
1− exp

(
−

Γρ0

γp
ρ0

(z ′ − z)

))]
.
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σD
eff (z ′ − z , pρ0 ) =σtot(pρ0 )

[(
n2 < k2

T >

Q2
+

z

lh
(1− n2 < k2

T >

Q2
)

)
θ(lh − (z ′ − z))

]
+ σtot(pρ0 )

[
θ((z ′ − z)− lh) exp

(
−

Γρ0

γp
ρ0

(z ′ − z)

)]

+ 2σπN (
pρ0

2
)

[
θ((z ′ − z)− lh)

(
1− exp

(
−

Γρ0

γp
ρ0

(z ′ − z)

))]
.

Point Like Configuration interaction
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σD
eff (z ′ − z , pρ0 ) =σtot(pρ0 )

[(
n2 < k2

T >

Q2
+

z

lh
(1− n2 < k2

T >

Q2
)

)
θ(lh − (z ′ − z))

]
+ σtot(pρ0 )

[
θ((z ′ − z)− lh) exp

(
−

Γρ0

γp
ρ0

(z ′ − z)

)]

+ 2σπN (
pρ0

2
)

[
θ((z ′ − z)− lh)

(
1− exp

(
−

Γρ0

γp
ρ0

(z ′ − z)

))]
.

PLC evolution in
θ(lh − (z ′ − z))

lh = 2pρ0/∆M2 is the
formation time

z’z

PLC

to t

l
h
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θ(lh − (z ′ − z))

]
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[
θ((z ′ − z)− lh) exp

(
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γp
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(z ′ − z)

)]
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)

[
θ((z ′ − z)− lh)

(
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(
−
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.

PLC evolution in
θ(lh − (z ′ − z))

lh = 2pρ0/∆M2 is the
formation time
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σD
eff (z ′ − z , pρ0 ) =σtot(pρ0 )

[(
n2 < k2

T >

Q2
+

z

lh
(1− n2 < k2

T >

Q2
)

)
θ(lh − (z ′ − z))

]
+ σtot(pρ0 )

[
θ((z ′ − z)− lh) exp

(
−

Γρ0

γp
ρ0

(z ′ − z)

)]

+ 2σπN (
pρ0

2
)

[
θ((z ′ − z)− lh)

(
1− exp

(
−

Γρ0

γp
ρ0

(z ′ − z)

))]
.

Vector meson interaction + decay

Interaction of decay product
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GKM Model

PINAN11, Marrakech, 2011 Maurik Holtrop  - University of New Hampshire

GMK Model

37

• Gallmeister, Kaskulov, Mosel . 
PRC 83, 015201 (2011)

• Coupled channel Giessen 
Boltzmann-Uehling-
Uhlenbeck (GiBUU) transport 
equation.

• Includes rho decay and 
subsequent pion absorption.

• Includes experimental cuts and 
acceptance.

• With and without CT effects.

37Tuesday, September 27, 11
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KNS Model

PINAN11, Marrakech, 2011 Maurik Holtrop  - University of New Hampshire 35

KNS Model
Kopeliovich, Nemchik, Schafer, Tarasov PRC 65 (2002) 035201

Light Cone QCD Formalism for 
q q-bar dipole.
σ(qq) - Universal dipole cross 
section for q q-bar interaction 
with a nucleon, fit to proton 
structure functions over a large 
range of x, Q2.
LC wave function for q q-bar 
fluctuation of photon.
LC wave function for vector 
meson.
Parameter free (apart from initial 
fit).
Will add the rho decay soon.

35Tuesday, September 27, 11
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Comparison ρ0 data and π data (FMS)

PINAN11, Marrakech, 2011 Maurik Holtrop  - University of New Hampshire

Rho and Pion CT compared

45
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Fig. 42. The parameter ↵ as a function of Q2. The solid (dashed) curve represents
FMS model prediction with (without) CT e↵ect

10 Summary and Conclusions

In this analysis note, we reported the details analysis aimed at the search for
the onset of the color transparency phenomenon in ⇢0 electroproduction o↵
nuclei. The analyzed data were part o↵ the Eg2 running period. Two beam en-
ergies were used and the transparency ratios for C and Fe relative to deuterium
have been extracted as a function of Q2 and the coherence length lc. These
measurements benefit from the simultaneous exposure of deuterium and solid
targets. This configuration allows better control of the systematic uncertain-
ties. Comprehensive studies of the systematics uncertainties have also been
presented. The results show no coherence length dependence of the nuclear
transparency for both energies and targets. This result was expected because
our coherence lengths are in the range of 0.4 to 0.9 fm smaller than the nu-
clear radius. In this range, only the electromagnetic initial state interaction
is dominant. On the other hand, significant Q2 dependence of the nuclear
transparency was observed especially for the 5 GeV Fe data. The result is
consistent with the FMS model including both the e↵ect of ⇢0 decay and color
transparency. One should mention that the same model describes the pion
transparency data for recent Hall C measurements quite well. These measure-
ments were only suggestive of the onset of CT around a Q2 of 4 GeV2. While
our data shows with a good precision that the onset is happening earlier in ⇢0

electroproduction. The reason for this could be that di↵ractive vector meson

67

Using the same 
ingredients the FSM 
(LSM) model agrees 
well with both data 
sets. 

FMS: Frankfurt, Miller and Strikman, PRC 78: 015208, 2008
LSM: Larson, Miller and Strikman, PRC 74, 018201 (2006)

45Tuesday, September 27, 11
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