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CPHT, CNRS, École Polytechnique, Palaiseau

based on work with K Semenov-Tian-Shansky, L Szymanowski, B. Li, G. Huber,
W. Cosyn



Color Transparency Past, Present and Future

G. A. Miller, UW, Seattle
Color transparency- reduced initial/final state interactions in  
coherent reactions
1.  high-momentum transfer reactions make point-like color  
singlet states PLC
2. Small objects have small cross sections  Im f ∝ b2

3. PLC are not eigenstates-expand as they move 
Frankfurt& Strikman, Jennings & Miller
2,3 must be true, 1 is  interesting ? - 
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Why  PLC at high momentum transfer?
Example:  e-p scattering 

• At high enough Q an exclusive  interaction occurs  
   if the transverse size of the hadron is  
   smaller than the equilibrium size. 
• Perturbative reasoning-also non-perturbative Nucl.Phys. 
A555 (1993) 752-764

Momentum of exchanged gluon ~Q, separation ~1/Q

Form factor enters

q2 = − Q2γ (Q)
Q /3Q /3Q /3γ(Q)



First experiment - Fixed angle regime

Nuclear Transparency for A(p,2p) (3/3)
• Measurements were performed near 

90° in the pp CM

• Elastic scattering at such large angles is 
supposed to single out Point Like 
Configurations (PLC) of the protons

• When in PLC, quark colors are assumed 
to ‘overlap’, rendering the proton 
color transparent, significantly 
decreasing ISI and FSI

• As incident momentum increases, PLC is 
assumed to become more dominant

• Thus, an increase of Tpp (90° CM) as a 
function of incident momentum may be 
a signature of color transparency
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Large-angle pp elastic and quasielastic (p, 2p) scattering have been simultaneously observed in hydro-
gen and each of several nuclear targets (Li, C, Al, Cu, Pb) at incident proton momenta of 6, 10, and 12
GeV/c. The nuclear transparency is the ratio of such a cross section in a nucleus to the free pp cross sec-
tion. The transparency of aluminum increases with incident momentum by more than a factor of 2 from
6 to 9.5 GeV/c and falls significantly between 9.5 and 12 GeV/c. This occurs in a region where the
free-proton nucleon-absorption cross section exhibits little energy dependence. QCD predicts an increase
in transparency with energy.

PACS numbers: 13.75.Cs, 12.38.Qk, 13.85.Dz, 25.40.Ve

This Letter describes the first results from a program
of study at the Brookhaven National Laboratory
Alternating-Gradient Synchrotron which investigates the
effects of "color transparency. " Quasielastic pp scatter-
ing from each of several nuclei is compared to pp elastic
scattering in hydrogen at three energies. These data are
analyzed with a simple model in which the quasielastic
cross section is assumed to factor into the product of
three terms, a single-particle nuclear momentum distri-
bution, a free pp cross section, and a factor T which we
refer to as the transparency of the nucleus. In the ab-
sence of Fermi motion the transparency would be

(do/dt ) (p-p elastic in nucleus)
(dtr/dt ) (p-p elastic in hydrogen)

Data are presented for pp elastic and quasielastic
scattering near 90' c.m. (center of mass) at incident pro-
ton energies of 6, 10, and 12 GeV/c, corresponding to t
[(four-momentum transfer) l of —4.8, —8.5, and —10.4
GeV2
The cross section (do/dt) for pp elastic scattering at

large transverse momentum and at fixed c.m. angle is
characterized by an s [(center-of-mass energy) ) depen-
dence which oscillates around the nominal s ' form
predicted by the dimensional scaling law of Brodsky and
Farrar. ' The form of this energy dependence can be re-
lated to the probability of finding protons with all of
their quarks confined to a region of space which is pro-
portional to 1/Js. This implies that for large s these
initial- and final-state protons are very small.

It has been pointed out by Mueller and others that
small protons which participate in such processes are
characterized by color-charge and color-field distribu-
tions confined to ever smaller dimensions as s increases.
In high-t quasielastic scattering this implies that the
cross section for soft initial- and final-state interactions
with other nucleons in the nucleus will vanish as the en-
ergy scale increases. It has thus been predicted that at
high energy the transparency of nuclei should approach
unity. This is in sharp contrast to a more conventional
Glauber picture of absorption in which the transparency
would be expected to be energy independent.
The apparatus consists of a large-angle magnetic spec-

trometer with a 4.5' aperture. Large proportional
chambers measure the trajectories of recoil tracks oppo-
site the spectrometer. When configured for incident
momentum of 10 GeV/c, the spectrometer has Ap/p
=1% and 3,8=1 mr and the recoil-chamber resolution is
58=5 mr. Beam and spectrometer Cherenkov counters
identified protons.
In this experiment, pp elastic scattering in hydrogen

and in nuclei were observed simultaneously. Nuclear
targets (Li, C, Al, Cu, or Pb) were placed between two
CHq targets. The nuclear targets were divided into four
equal segments and spaced at 3-in. intervals. The CH2
targets were 2 in. thick. The thickness of each nuclear
target was chosen so that the number of nuclear protons
was larger by about a factor of 5 than the number of hy-
drogen protons. Data were collected on all targets at 6
and 10 GeV/c and on C and Al at 12 GeV/c.
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TABLE I. The elements in Eq. (4) tabulated for the alumi-
num data sets at three incident-beam momenta Po and for
several bins in p, (p, &p, & pb) T.he number of hydrogen
events detected (1VH) for the incident momenta 6, 10, and 12
GeV/c were 1701, 650, and 220, respectively. The eff'ective
beam momentum P,ff and transparency T have been calculated
for each table entry. Systematic errors for T have not been in-
cluded. Po, p„pb,and P,rr are given in units of GeV/c.
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The first step in extracting T is to measure the quasi-
elastic signal for events within some range of p, . This
signal is extracted from background by the study of the
dN/dp~ distribution for events with I p„I & 250 MeV/c
and p, in the specified range. The details of extracting
this signal from background are described elsewhere.
The important elements are that the signal is well above
background and that the background shape is observed
in the subset of data which register hits in the out-of-
plane target counters. About half of the background
events register double hits in these counters. That back-
ground data set, which would include such contamina-
tion as soft rr production, does not peak around p~ =0.
This suggests that such events will not contribute to the
signal when background is subtracted.
As an input for this analysis the shape of the underly-

ing nucleon momentum distribution F(p) is required.
As reported in Ref. 5, we have measured the projection
of this distribution for each target material using these
same data. In our evaluation of the integral in Eq. (4),
the measured energy-dependent cross section has been
used. The acceptance A(p) is determined and folded
into the other functions in Eq. (4) with the use of a
Monte Carlo program.
The procedure for determining T in Eq. (4) for the

aluminum-target data is summarized in Table I. Alumi-
num data were collected at three different beam momen-
ta Po as indicated in the first column. The number of
quasielastic events measured in the p, range p, &p, &pb
is shown, as well as P,ff, the effective incident momen-
tum corresponding to this p, range. This result from the
integration in Eq. (4) is shown along with the extracted
transparency T. To lowest order in p/mz, P,&=PpII—(p. +pb )/2mp]

F[G. 2. (a) 'fhe transparency vs beam momentum for vari-
ous nuclear targets selected for —0.2 GeV/c &p, & 0.1 GeV/c.
(b) The transparency data points from Table I plotted vs

effective incident momentum.

Such an analysis is used to extract the transparency
for each of the various nuclei studied. For the data in
Fig. 2(a) quasielastic signals were extracted in the p,
range —200 MeV/c &p, & 100 MeV/c and plotted
against beam momentum Po. The aluminum transparen-
cy data of Fig. 2(b) are plotted against P,rr and are tak-
en from Table I.
Errors in Fig. 2 and Table I represent the statistical

errors associated with extraction of signals from back-
ground. The error bar on the 12-GeV/c carbon point has
been increased to 20/o to account for observed incon-
sistencies in extracting the carbon signal in CH2.
Additional systematic uncertainties must be consid-

ered in the overall normalization of transparency and the
normalization for a particular target. Theoretical uncer-
tainty in calculating off'-shell proton cross sections and
uncertainties in the shape of F(p), especially the very
high momentum tails of the distribution, give rise to sys-
tematic normalization uncertainties. For illustration, if
the assumption that m~ is the energy of the struck nu-
cleon [see Eq. (2)] were incorrect by 20 MeV, that
would introduce an error in the measured transparency
of less than 5%. Neither of these effects generate large
energy-dependent uncertainties for a given nuclear tar-
get. The target-dependent and target-independent sys-
tematic uncertainties in the normalization of the tran-
sparency are estimated to be 10% and 25%, respectively.
We have not attempted to include theoretical uncertainty
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This rise and drop is not explained

First &Second  Evidence?

Nuclear transparency raises as predicted...then

drops !
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=radius of drop=1. 2A '/ fm. Thus L SX(A) for prac-
tically all nuclei, and large protons are almost certain to
collide by conventional soft interactions.
This effect will deplete the Landshoff independent-

hard-scattering process. To estimate this, an exponential
attenuation is reasonable. Thus if ML were measured
for a proton, its magnitude should change in nuclear tar-
gets by about

I ML I I MtIex.p[—[X(A)—X(I )]/2L] .
There is a factor of 2 in the exponents in this primitive
estimate of the amplitude, not the number Aux. Note we
are assuming that typical Landshoff-process protons are
full sized, i.e., of size @=1/(40 mb)'/ =- —,

' fm ', well
into the "soft" region of QCD. For A =12, say, the
Landshoff' amplitude is depleted by exp( —0.5)-0.6,
while for A =64 the same amplitude is smaller by about
0.3. We will use this estimate only for an order of mag-
nitude calculation. We note in passing that the estimate
is equivalent to the "r=0" case considered by Farrar,
Liu, Frankfurt, and Strikman" for the component of
scattering with no reduction in size. For the case of
small 2 ~10, the details of attenuation are important
and the various models proposed in Ref. 11 can be ex-

plored. However, it is important that our predictions do
not depend strongly on the details of attenuation, so long
as attenuation is significant. We concentrate on the limit
2 » 1, where the calculations are more reliable.
In QCD the effects of the energy-dependent "chroino-

Coulomb" phase shift for pp pp scattering can be rep-
resented by the formula

M=Mgc+e' ' 'IML I;
drs/dt = I M I /64xspl, ~ .

(2)

(3)
Here 81 is an uncalculable, energy-independent phase.
The calculable phase p(s) has a known energy depen-
dence analogous to renormalization-group evolution:

y(s) = ln In(s/A(')cD) .0.06
(4)

The quark-counting amplitude is not infrared sensi-
tive, resulting in a phase that is much more slowly vary-
ing. Thus (4) is the most important contribution to the
energy dependence of the phase difference. The superpo-
sition of ML and Mgc, including p(s), will result in a
term going like cos[(z/0. 06)lnln(s/AQcD)] in the cross
section. Thus from Eqs. (2) and (3) we derive R&(s),
the ratio of the cross section to the quark-counting pre-
diction,

Rl(s) =s' (pp) I9o. ee I+pl(s/I GeV ) ' cos[p(s)+81]+pl (s/1 GeV ) /4

1 der(pA pp(A —1))/dt
A da(pp)/dt

(6)

The constant pi, measuring the relative normalization of
ML to Mgc, equals 0.08 from a fit to the region 10
GeV2(s(40 GeV [Fig. 1(a)]. This is large enough to
lead to oscillations of more than a factor of 2 in the
data. ' The intermediate power EC= 2 and the con-
stant x/0. 06, while consistent with QCD estimates, are
chosen by fit with Aqco =100MeV.
For nuclear targets, we propose the relative normaliza-

tion pl pg =pl exp[ —[X(A)—X(1)]/2LJ according
to our discussion above. In such a formula we implicitly
assume that there is little significant attenuation of the
quark-counting amplitudes: they are indeed small.
However, only the relative normalization of the two am-
plitudes is meaningful and it does not seem practical to
model in detail the small attenuation of the small pro-
tons. In addition, Bi 8~ represents nuclear effects of
A dependence on the phase difference. We have no way
to estimate these reliably in the procedure we are
presenting.
However, if our picture is correct, we should not need

the nuclear information for large enough A. For in the
case of large 8, all large Landshoff protons will be de-
pleted, and their phase shifts p(s) and b'A will become
undetectable. For the transparency T(s), defined by

6-

1.0

I

I
I

4.
ln s(GeVa )

0.8
0 6

CL () -L

{ )

0 0
4
ln s(GeV )

FIG. l. (a) The energy dependence of Rl(s) =consts'odcr/
dt (pp) I 90 for the high-energy pp elastic scattering at 90' c.m.
angle compared to Eq. (5) (solid line), as taken from Ref. 7.
(b) Prediction of oscillating transparency T(s) [Eq. (7)l for
A =27 after varying over all possible nuclear phases bz (upper
and lower limits are shown); data from Carroll et at. (Ref. 2).
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settings, validating the use of the impulse approximation.
It also indicates the robustness of the spectrometer mod-
els in the Monte Carlo simulation. The uncertainty from
the spectrometer acceptance was estimated to be 2.6% by
comparing the measured and simulated focal plane posi-
tions and angles as well as the reconstructed angles and
momenta at the reaction vertex. The pm distributions
shown in Fig. 1 are very sensitive to the reconstructed
momenta and angles and the average bin-by-bin di↵er-
ence between the data and simulated spectra normalized
to each other was used as the systematic uncertainty due
to acceptance. Table I lists the major sources of system-
atic uncertainty. The total uncertainty is calculated as
the quadrature sum. The model dependent uncertainty
is not included in the table.

FIG. 2. The carbon nuclear transparency from this experi-
ment along with all previous experiments [24–27, 34]. The
space-like 4-momentum transfer squared is shown along the
x�axis (bottom scale), and the momentum of the knocked out
proton is also shown along the top scale of the x�axis. The
solid magenta line is for a constant value of 0.56. The dashed
lines are theory predictions including CT [35] for two di↵er-
ent set of parameters and the solid blue line is a prediction
from a relativistic Glauber calculation with CT [36]. The er-
ror bars show the statistical uncertainty while the band shows
the 4.0% systematic uncertainty. The 3.9% model-dependent
uncertainty is not shown.

The nuclear transparency was extracted as the ratio
of experimental yield to the PWIA yield integrated over
the same phase space volume V :

T (Q2) =

R
V

d3pmdEmYexp(Em, ~pm)R
V

d3pmdEmYPWIA(Em, ~pm)
, (2)

where V is the phase space volume as defined ear-
lier, Yexp(Em, ~pm) is the experimental yield and
YPWIA(Em, ~pm) is the PWIA yield. The extracted
nuclear transparency as a function of Q2 is shown in
Fig. 2 along with all previous measurements. The
model-dependent uncertainty is not shown in Fig. 2 as to
be consistent with the graphics of previous experiments.
The measured nuclear transparency of carbon is found
to be both energy and Q2 independent up to Q2 =
14.2 (GeV/c)2, the highest accessed in quasi-elastic
electron scattering to date. The combined data set from
all measurements above Q2 = 3.0 (GeV/c)2 was fit to a
constant value with a reduced �2 of 1.3. The outgoing
proton momentum of this experiment overlaps with the
e↵ective proton momentum of the BNL experiments that
reported an enhancement in nuclear transparency [21].
Moreover, the Q2 and outgoing proton momentum of
this experiment are significantly higher than the BNL
experiment. As the underlying reaction mechanisms of
the A(p, 2p) and A(e, e0p) processes are di↵erent, these
results provide key insight into the process dependence
of exclusive scattering and the corresponding trans-
parency. The di↵erences governing the observed onset
of CT for mesons at Q2 of about 1 (GeV/c)2 and the
absence of the onset of CT for protons at more than an
order-of-magnitude higher Q2 may provide strong clues
regarding the di↵erences between two- and three-quark
systems. Future experiments at JLab and elsewhere will
further quantify such di↵erences for pions, ⇢-mesons and
photons [37–39].

In summary, exclusive measurements were performed
for Q2 from 8–14.2 (GeV/c)2 on hydrogen and carbon
targets. The nuclear transparency extracted from these
measurements is consistent with traditional nuclear
physics calculations and does not support the onset
of color transparency. The proton momentum scales
accessed in this experiment rule out color transparency
as the reason for a rise in transparency noted in the
A(p, 2p) data. The present results probe down to a
transverse-size as small as ⇡ 0.05 fm in the three-quark
nucleon system, placing very strict constraints on the
onset of color transparency at intermediate energies and
all current models.

This work was funded in part by the U.S. Depart-
ment of Energy, including contract AC05-06OR23177 un-
der which Je↵erson Science Associates, LLC operates
Thomas Je↵erson National Accelerator Facility, and by
the U.S. National Science Foundation and the Natural
Sciences and Engineering Research Council of Canada.
We wish to thank the sta↵ of Je↵erson Lab for their vital
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Quasielastic 12C(e, e0p) scattering was measured at space-like 4-momentum transfer squared
Q2 = 8, 9.4, 11.4, and 14.2 (GeV/c)2, the highest ever achieved to date. Nuclear transparency
for this reaction was extracted by comparing the measured yield to that expected from a plane-wave
impulse approximation calculation without any final state interactions. The measured transparency
was consistent with no Q2 dependence, up to proton momenta of 8.5 GeV/c, ruling out the quan-
tum chromodynamics e↵ect of color transparency at the measured Q2 scales in exclusive (e, e0p)
reactions. These results impose strict constraints on models of color transparency for protons.

At low energies, the strong interaction is well described
in terms of nucleons (protons and neutrons) exchanging
mesons [1], whereas at high energies, perturbative
Quantum Chromodynamics (pQCD) characterizes the
strong force in terms of quarks and gluons carrying
color charge. Although these two descriptions are well

understood in their respective energy scales, the transi-
tion between them is not uniquely identified. Quantum
Chromodynamics (QCD) predicts that protons produced
in exclusive processes at su�ciently high 4-momentum
transfer (Q), will experience suppressed final (initial)
state interactions resulting in a significant enhancement
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Nucleon form-factor does not probe PLCs !

Not so surprising - Problem with F2/F1 ratio.
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power corrections due to intrinsic transverse momenta and
soft overlap contributions. The strong coupling constant
between quarks and the exchanged gluon is deduced from
the asymptotic freedom expression for αs and by imposing
Q2 analyticity. This infrared (IR) finite form can be found in
Refs. [7,8]. The GPD calculation gives a rather good descrip-
tion of the t dependence of the data, and the Q2 dependence
is also described fairly well.

It is interesting to note that both the Regge and the GPD
models describe the Q2 dependence of σL quite well at low
−t and low Q2. The agreement at low values of −t may
be expected, because the Regge calculation, which is valid
at low −t and low Q2, overlaps with the region of validity
of the GPD calculation. However, this observation suggests
that the agreement between data and GPD calculations is a
necessary but not sufficient condition for the applicability of
QCD factorization in this kinematic regime.

A more stringent and model-independent test of QCD
factorization is the leading order Q2 power law scaling of
the separated cross sections. The Q2 dependences of σL and
σT , where results from this experiment have been combined
with other recent results from JLab [9,10], are shown in
Fig. 2. The data were scaled to constant values of −t and
xB using the separated VGL/Regge cross section predictions.
The additional uncertainty due to this kinematic scaling was
determined from comparisons of the resulting cross section
with one obtained using the GPD prediction (for σL only) and
a parametrization based on pion electroproduction data. The
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FIG. 2. (Color online) The Q2 dependence of the separated cross
sections at fixed values of −t and xB . The error bars denote the
statistical and systematic uncertainties combined in quadrature. The
red, solid curve shows a fit of the form Q−6 for σL and Q−8 for σT .
The green dotted line is a GPD calculation from Ref. [7]. In this
calculation, power corrections to the leading order are included. The
blue dashed line is a VGL/Regge [6] calculation using #2

π from a
global fit to Fπ .

kinematic scaling uncertainty ranges from 7% to 13% in σL

for both xB kinematics, while the σT uncertainty is larger by a
factor of 3.

The “hard scattering” predictions for σL(∼Q−6) and σT

(∼Q−8) are indicated by the red lines in Fig. 2. We have
also fitted σL and σT at each value of xB to the forms σL ∼
Qn and σT ∼ Qm, where n and m are free parameters. The
experimental fit values are listed in Table I together with the
χ2 for n = −6 and m = −8. The fit values for σL are consistent
with the hard scattering prediction within the uncertainty. In
fact, fitting the Q2-scaling prediction, σL ∼ Q−6, also results
in a good description of the data. Note that the fit at xB = 0.451
is not well constrained because of the precision of the available
data. While the scaling laws are reasonably consistent with the
Q2 dependence of the σL data, they fail to describe the Q2

dependence of the σT data. The Q2 dependence of σT does,
however, provide less conclusive evidence for having reached
the hard scattering regime, as the factorization theorem was
proven rigorously only for longitudinal photons [1].

It has been suggested that additional information about
QCD factorization may be obtained through the interference
terms [11]. However, the small size of these components
may complicate the interpretation of the experimentally fitted
scaling power. A fit to the interference terms from Ref. [12]
suggests that the Q2 dependence is reasonably well described
by a functional form 1/Q(χ2 = 0.94, probability= 0.62)
for σLT/σL, while a functional form of 1/Q2(χ2 = 1.34,
probability= 0.51) does a reasonable job describing the Q2

dependence of σTT/σL at xB = 0.311. Because of the small
size of σLT, the Q2 dependence of the exponent can only be
determined at the ±17% level.

An interesting observation is that at first glance, σL appears
to scale in a manner consistent with the Q−6 hard scattering
prediction. However, an observation of the “correct” power
law behavior of the cross section is not proof that QCD
factorization is already applicable, and it is necessary to
examine several characteristics of the reaction before drawing
conclusions about the reaction mechanism.

High-energy experiments using the 1H(e, e′ρ)1H reaction
have produced data that agree with the Q2-scaling expectation
for the cross section ratio σL/σT under the assumption of
s-channel helicity conservation. Data have been obtained at
DESY [13,14], Cornell [15], and Fermilab [16] for values of
Q2 ranging from 0.3 to 5.0 GeV2 at center-of-mass energies W
ranging from 1.3 to 6 GeV, and more recently at JLab [17,18].

The Q2-scaling expectation was also tested using unsep-
arated ω cross section data from JLab for Q2 values up
to 5 GeV2. The t-channel process was found to dominate,
but considerable transverse contributions complicated the
isolation of contributions from hard and soft processes from
these unseparated data [19].

Higher order (soft) corrections play an important role at
experimentally accessible energies [2,20] in electroproduction
and may mimic the expected Q2-scaling behavior character-
istic for the hard pQCD term [21] in σL. Recall that the fitted
scaling power for σL could only be determined to ±0.95, and
the experimental uncertainties are rather large. In fact, devia-
tions from the hard scattering prediction comparable to those
shown in Table I have been observed in earlier measurements

058201-3Clear signal of π CT at JLab in GPD physics

Contradictory with usual interpretation (HT) of π electroproduction data
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power corrections due to intrinsic transverse momenta and
soft overlap contributions. The strong coupling constant
between quarks and the exchanged gluon is deduced from
the asymptotic freedom expression for αs and by imposing
Q2 analyticity. This infrared (IR) finite form can be found in
Refs. [7,8]. The GPD calculation gives a rather good descrip-
tion of the t dependence of the data, and the Q2 dependence
is also described fairly well.

It is interesting to note that both the Regge and the GPD
models describe the Q2 dependence of σL quite well at low
−t and low Q2. The agreement at low values of −t may
be expected, because the Regge calculation, which is valid
at low −t and low Q2, overlaps with the region of validity
of the GPD calculation. However, this observation suggests
that the agreement between data and GPD calculations is a
necessary but not sufficient condition for the applicability of
QCD factorization in this kinematic regime.

A more stringent and model-independent test of QCD
factorization is the leading order Q2 power law scaling of
the separated cross sections. The Q2 dependences of σL and
σT , where results from this experiment have been combined
with other recent results from JLab [9,10], are shown in
Fig. 2. The data were scaled to constant values of −t and
xB using the separated VGL/Regge cross section predictions.
The additional uncertainty due to this kinematic scaling was
determined from comparisons of the resulting cross section
with one obtained using the GPD prediction (for σL only) and
a parametrization based on pion electroproduction data. The
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FIG. 2. (Color online) The Q2 dependence of the separated cross
sections at fixed values of −t and xB . The error bars denote the
statistical and systematic uncertainties combined in quadrature. The
red, solid curve shows a fit of the form Q−6 for σL and Q−8 for σT .
The green dotted line is a GPD calculation from Ref. [7]. In this
calculation, power corrections to the leading order are included. The
blue dashed line is a VGL/Regge [6] calculation using #2

π from a
global fit to Fπ .

kinematic scaling uncertainty ranges from 7% to 13% in σL

for both xB kinematics, while the σT uncertainty is larger by a
factor of 3.

The “hard scattering” predictions for σL(∼Q−6) and σT

(∼Q−8) are indicated by the red lines in Fig. 2. We have
also fitted σL and σT at each value of xB to the forms σL ∼
Qn and σT ∼ Qm, where n and m are free parameters. The
experimental fit values are listed in Table I together with the
χ2 for n = −6 and m = −8. The fit values for σL are consistent
with the hard scattering prediction within the uncertainty. In
fact, fitting the Q2-scaling prediction, σL ∼ Q−6, also results
in a good description of the data. Note that the fit at xB = 0.451
is not well constrained because of the precision of the available
data. While the scaling laws are reasonably consistent with the
Q2 dependence of the σL data, they fail to describe the Q2

dependence of the σT data. The Q2 dependence of σT does,
however, provide less conclusive evidence for having reached
the hard scattering regime, as the factorization theorem was
proven rigorously only for longitudinal photons [1].

It has been suggested that additional information about
QCD factorization may be obtained through the interference
terms [11]. However, the small size of these components
may complicate the interpretation of the experimentally fitted
scaling power. A fit to the interference terms from Ref. [12]
suggests that the Q2 dependence is reasonably well described
by a functional form 1/Q(χ2 = 0.94, probability= 0.62)
for σLT/σL, while a functional form of 1/Q2(χ2 = 1.34,
probability= 0.51) does a reasonable job describing the Q2

dependence of σTT/σL at xB = 0.311. Because of the small
size of σLT, the Q2 dependence of the exponent can only be
determined at the ±17% level.

An interesting observation is that at first glance, σL appears
to scale in a manner consistent with the Q−6 hard scattering
prediction. However, an observation of the “correct” power
law behavior of the cross section is not proof that QCD
factorization is already applicable, and it is necessary to
examine several characteristics of the reaction before drawing
conclusions about the reaction mechanism.

High-energy experiments using the 1H(e, e′ρ)1H reaction
have produced data that agree with the Q2-scaling expectation
for the cross section ratio σL/σT under the assumption of
s-channel helicity conservation. Data have been obtained at
DESY [13,14], Cornell [15], and Fermilab [16] for values of
Q2 ranging from 0.3 to 5.0 GeV2 at center-of-mass energies W
ranging from 1.3 to 6 GeV, and more recently at JLab [17,18].

The Q2-scaling expectation was also tested using unsep-
arated ω cross section data from JLab for Q2 values up
to 5 GeV2. The t-channel process was found to dominate,
but considerable transverse contributions complicated the
isolation of contributions from hard and soft processes from
these unseparated data [19].

Higher order (soft) corrections play an important role at
experimentally accessible energies [2,20] in electroproduction
and may mimic the expected Q2-scaling behavior character-
istic for the hard pQCD term [21] in σL. Recall that the fitted
scaling power for σL could only be determined to ±0.95, and
the experimental uncertainties are rather large. In fact, devia-
tions from the hard scattering prediction comparable to those
shown in Table I have been observed in earlier measurements

058201-3

Should we see nuclear filtering ?

look for σL
σT

increase on nuclei.
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FIG. 2: Kinematical quantities and the collinear factorization mechanism for �⇤N ! NM in the
near-backward kinematical regime (large virtuality Q2, invariant mass W ; fixed Bjorken x (or
xB); |u| ⇠ 0). q, pN , pM, and p0N are the four momenta of the virtual photon probe, initial state

nucleon target, final state proton, and final state meson. The lower blob denoted MN TDA,
depicts the nucleon-to-meson M transition distribution amplitude; the N DA blob depicts the

nucleon distribution amplitude; CF denotes the hard subprocess amplitude (coefficient function).
Here, s is the center-of-mass energy squared, and t and u denote the four-momentum differences

squared (Mandelstam variables). These are defined as s = W 2 = (q + pN)2, t = (p0N � pN)2,
u = (pM � pN)2.

lowing the Q2 behavior of the hard part of the process (namely �⇤qqq ! qqq).

• The dominance of the transverse polarization of the virtual-photon results in the suppression

of the �L cross section by a least (1/Q2): �L/�T < 1/Q2.

In this section, we begin with a brief overview of the previous results on the u-channel exclu-

sive meson electroproduction, which shows signs of early collinear factorization behavior in the

Q2 scaling in charged ⇡+ and �L/�T ⇠ 0 ratio in ! sector (Sec. II A. Sec. II B summarizes the up-

coming experiment: E12-20-007, which is designed to simultaneously test both TDA predictions

in the ⇡0 sector.

A. Previous Backward-Angle Data from JLab

The first data providing qualitative support for the TDA picture are from the JLab 6 GeV

physics program [16–18].

Is there a signal of nucleon CT at JLab in TDA physics ?

A crucial test of LT dominance in TDA physics !
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The proposed measurement is a dedicated study to investigate the exclusive electropro-

duction process: �⇤+A!(A-1)+p+⇡0, where ⇡0 is produced via the u-channel process and

the interacted proton (p) recoils forward with large momentum (leading). The measurement

is designed to be above the nucleon resonance region with desired W ⇠ 3 GeV, which

corresponds to E� ⇠ 4 GeV. The Hall C spectrometers (HMS+SHMS) under the standard

configuration will tag the scattered electron (e0) and recoiled proton in coincidence mode.

The objective is to test the Color Transparency (CT) onset in the explored u-channel kine-

matics where a small transverse size proton is generated by the hard subprocess, and should

therefore experience color (“half”) transparency in its propagation through the nucleus.

⇤ billlee@jlab.org
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FIG. 8: RMSGA nuclear transparency calculations for 12C, 27Al, 63Cu, and 197Au as a function of
Q2. Full curves are regular Glauber calculations, the dashed curves include the color

transparency in the quantum diffusion model.

induced virtual photon interacts with a nucleon within the nucleus, then the interacted nucleon

transitions into a final state ⇡0 through TDA (in u-channel kinematics, see Figure 2); the fast pro-

ton (knocked out of the nucleus) will be picked up by the hadron end-cap and create a “start” in

the timing window; the ⇡0 moves out of the nucleus and decays into two photons, thus projecting

a one or two-photon signal in the far forward B0 or Zero Degree Calorimeter. In the case of eA

scattering, the A(Z) loses a proton due to the interaction and becomes A0(Z � 1), and can be

captured by the Roman Pot detector due to the loss of total momentum and magnetic field steer-

ing. The feasibility of such a measurement is currently being studied by the EIC Comprehensive

Chromodynamics Experiment (ECCE) consortium.

Here, it is important to point out that the color transparency study has been proposed at the EIC

through e + p and e + A scatterings, and photoproduction of mesons [46, 48]. These CT studies

are based on the validity of the collinear factorization theme in the small �t kinematics and should

be distinguished from the u-channel meson electroproduction observable proposed in this paper.

In the former case, the final state meson will be produced by the e + p, and e + A interactions and

will be detected by the central barrel of the EIC; in the latter case, the interacted ion beam and the

newly produced meson will both enter the far forward region, as described above.

Predicted (W. Cosyn) signal at JLab Hall C with 4 targets

Join the proposal (Cosyn, Huber, Li, BP) !


