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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 interesting?

•new dynamical phenomena- turn off strong 
interactions 

•are PLCs made? -high Q2-exclusives 

• nuclear physics implications of PLC- nucleon 
modified- EMC effect
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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 /3!(Q)



Why  not PLC ?
 e-p scattering 

Transverse size not affected –no PLC 
Interesting dynamical question about QCD –do PLC exist 
and participate? 
Making PLC is squeezing- and is the interesting part

Feynman mechanism 

γ

Final

Initial

Struck quark 
has  high x
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in [57]. The two di↵erent components are configurations of three and four partons. Further development is proceeding.

The results of Figs. 2-4 arise from using a specific model, based on a semi-classical approximation, in which quantum
loops and quark masses are not included. For example, situations in which the starting configuration includes gluonic
components are not included. In that case, the high-momentum transfer process proceeds via a mechanism that is
not the Feynman mechanism. This would correspond to a new, unpublished mechanism that is neither perturbative
QCD nor the Feynman mechanism.

The present results provide a new way to compute the e↵ects of the spatial expansion of a putative PLC. The
formalism of the light front holographic model and the resulting expansion e↵ects, combined with the experimental
result [1] that color transparency does not occur in reactions with momentum transfer up to 14.2 GeV2, leads to
an answer to a decades old question: the Feynman mechanism dominates the high-momentum transfer values of the
proton electromagnetic form factor.
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Although it is natural to suppose that PLCs dominate coherent high-momentum transfer processes, it is far from
obvious that this is the case [10, 11, 15]. The doubts are especially relevant for baryons. Indeed, Feynman [15]
remarked that “if a system is made of 3 particles, the large Q

2 behavior depends not on the singularity when just
two come together, but rather when all three are on top of one another”. Furthermore, “such pictures are too simple
and inadequate”.

Another mechanism competes with PLC dominance (Fig. 1b). In this idea, first published by Drell & Yan [16]
(but known as the Feynman mechanism [15]) the process occurs when a single quark, carrying a large fraction of
the nucleon’s momentum, is turned around by the incident virtual photon. The spectator system is not required
to shrink to a small size and color transparency e↵ects involving protons would not be expected to occur. In this
picture, a reasonably valid relation between elastic and deep inelastic scattering is obtained. See also [17]. A more
recent example is [18] that favors the Feynman mechanism.

Models of Generalized Parton Distributions (GPDS) [19] access both the longitudinal and transverse structure of
nucleons so that measurements thereof can distinguish the di↵erent mechanisms. It has been said [20] that GPDs
parameterize soft dynamics akin to the Feynman mechanism. Specific models of GPDs, for example [21] also favor
the Feynman mechanism. More generally, a review of the history teaches us [22] that there are only two proposals
for the mechanism responsible for high momentum elastic reactions.

To summarize [23], the magical disappearance of a strong scattering amplitude arises in three steps: (a) A coherent
high-momentum transfer reaction creates a color-singlet PLC (b) the PLC doesn’t interact (a well-defined aspect
of QCD) (c) If the PLC escapes the nucleus before expanding, then no re-interactions occur and e↵ects of color
transparency are to be observed.

The non-interaction of a PLC is a given, as is the necessity of expansion. The truly interesting aspect of color
transparency is whether or not PLC’s are created in high-momentum transfer coherent reactions. However, evaluating
the e↵ects of expansion creates significant uncertainty in making conclusions. This paper is devoted to providing a
better estimate of expansion that is based on new findings that use holographic techniques to represent the e↵ects of
confinement on excited hadronic states, as discussed in the review [24].

The considerable e↵orts to observe color transparency, along with a particular success [25], has been reviewed
several times [26–29]. Here we focus on color transparency studies involving incident high-energy pions at Fermi-
Lab [25], electro-production of pions at JLab [30], electro-production of rho mesons at JLab [31], and e↵orts in the
(e, e0p) reaction that culminated with the recent JLab experiment [1]. The FermiLab experiment involved pions of
500 GeV. The (e, e0⇡) experiment [30] involved space-like squares of virtual photon four-momentum Q

2 between
1.10 and 4.69. GeV2, with outgoing pions of corresponding momentum between 2.79 and 4.4 GeV. The (e, e0⇢)
experiment involved Q

2 between 1 and 3 GeV2, with virtual photon energy around 3 GeV, so as to avoid the e↵ect of
changing the coherence length. The outgoing momentum of the ⇢-meson was about 5 GeV for all kinematic conditions.

The signature of color transparency in the FermiLab experiment was a spectacular dependence of the cross section
for di-jet production by incident pions on the nuclear atomic number of about A

5/3, for high relative transverse
momentum between the two jets, in accord with theoretical predictions [32, 33]. The electron scattering experiments
measure the transparency, T , which is the ratio of the measured experimental yield to the expected yield in the
absence of final interactions. The signature of the onset of color transparency is a rise in the value of T with respect
to an increase with Q

2. A significant rise can occur only if the e↵ects of color transparency are present.

The aim here is to evaluate the e↵ects of expansion by using relativistic light-front wave functions obtained from
light front holographic QCD, an approach explained in the review [24], providing a relativistic treatment of con-
fined systems. Light-front quantization is a relativistic, frame-independent approach to describing the constituent
structure of hadrons. The simple structure of the light-front (LF) vacuum allows an unambiguous definition of the
partonic content of a hadron in QCD and of hadronic light-front theory [34]. The spectrum and light-front wave
functions of relativistic bound states are obtained in principle from the eigenvalue equation HLF | i = M

2| i that
becomes an infinite set of coupled integral equations for the LF components. This provides a quantum-mechanical
probabilistic interpretation of the structure of hadronic states in terms of their constituents at the same light-front
time x

+ = x
0 + x

3, the time marked by the front of a light wave [35]. The matrix diagonalization [34] of the
frame-independent LF Hamiltonian eigenvalue equation in four-dimensional space-time has not been achieved, so
other methods and approximations [24] are needed to understand the nature of relativistic bound states in the
strong-coupling regime of QCD.

Feynman:
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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.

1698 1988 The American Physical Society
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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?



Color transparency experiments
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T = �/�B

• (⇡, JJ)Prediction Frankfurt et al. Phys.Lett. B304 (1993) 1.
Experiment D Ashery et al PRL 86(2001) 4773 Seen large T

• (e, e0⇡) B. Clasie et al. PRL 99(2007)242502-Promising rise in T

• (e, e0⇢) L. El Fassi al. PLB 712 (2012) 326- Promising rise in T
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Many (e,e’p) experiments,  no evidence for CT  
 is diffractive dissociation 

 break up caused by 2 gluon exchange with target 

 reactions depend on  form factor  
 may not be two gluon driven at low energies 

" + A # J + J + A
"

(e, e$ "), (e, e$ p)
(e, e$ #)

A-dependence



⇡(P⇡)

The one that worked

• final state      becomes 2 high rel. moment 
jets, select      PLC component of pion 

•              before hit target, no expansion 
• one interaction                            
• Coherent process- enhanced!
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⇡ +N(A) ! “2 high transverse momentum jets” +N(A)

ground state                              ground state  

g g

qq̄

⇡ ! qq̄

Phys.Lett. B304 (1993) 1FMS

A A

p" = 500 GeV

%(forward) ! A, $A ! A2 * A"2/3 = A4/3 + positive corrections
Phys. Rev D65,094015

+…



VOLUME 86, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 21 MAY 2001

TABLE I. The exponent in s ~ Aa , experimental results for
coherent dissociation and the color-transparency predictions.

kt bin a
GeV!c a Dastat Dasys Da (CT)

1.25–1.5 1.64 60.05 10.04 20.11 10.06 20.12 1.25
1.5–2.0 1.52 60.09 60.08 60.12 1.45
2.0–2.5 1.55 60.11 60.12 60.16 1.60

their asymptotic high-energy values for MJ ! 4.2, 5.0, and
6.0 GeV!c2 (masses relevant for our k2

t bins). We extrap-
olate our calculations of a to asymptotically high energies,
dividing the yields by these factors. The results for each kt
bin are listed in Table I. Using more realistic wave func-
tions, the predicted value of the asymptotic value of a is
1.45 for carbon and platinum targets. Frankfurt et al. [19]
predict some dependence of a on kt as well. These values,
labeled a (CT), are also listed in Table I.

We have considered the sources of systematic uncer-
tainty, which are listed in Table II. The degree to which
the simulations represented correctly the effect of not in-
cluding the neutral component of the jets is checked by
raising the minimum total momentum of charged particles
from 450 to 470 GeV!c. The difference in the final re-
sults of a with and without this requirement is taken to be
the corresponding systematic uncertainty (“effect of neu-
trals”). The uncertainty due to using discrete masses in the
Monte Carlo simulation is estimated using the difference
between results, assuming that all the events in a given kt
range have one mass or another (“discrete masses”). A
third uncertainty is assigned to the change in yields due
to mass-distribution differences in carbon and platinum.
We also observe some sensitivity to the fitting range used;
the associated differences are taken as a fourth system-
atic uncertainty. The total systematic uncertainty is taken
by adding these contributions in quadrature, retaining the
signs when not symmetric.

In summary, we have measured the relative cross sec-
tions for diffractive dissociation into dijets of 500 GeV!c
pions scattering from carbon and platinum targets. Extrap-
olating to asymptotically high energies (where tmin ! 0),
we find that, when the cross section is parametrized as
s ! s0Aa , a " 1.6. The numerical results for the high
and middle ranges of kt are consistent with expectations
based on calculations of color-transparency models. For
the lower kt range there is discrepancy, but it should be
noted that this is a range where these model-dependent
pQCD calculations may not be applicable [23]. The im-

portant point is that even though the results are based on
data taken for only two nuclei they are far apart, and
there is a very large difference between the observed A
dependence and the s ~ A2!3 dependence typical of in-
clusive p-nucleus scattering. The clear diffractive struc-
ture of the signals and variation of the coherent cross
section with A indicate that we have observed the coher-
ent scattering of jqq̄# pointlike configurations predicted by
color-transparency.
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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.
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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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 JLab: expansion is the problem
   Goal: evaluate  effects of expansion with new approach
 Olivia Caplow-Munro, G A Miller 2104.11168

Light front (LF) wave functions of Holographic QCD:

• Stanley J. Brodsky, Guy F. de Teramond, Hans Gunter Dosch, and Joshua Erlich, “Light-Front Holographic QCD and  
Emerging Confinement,” Phys. Rept. 584, 1–105 (2015), arXiv:1407.8131 [hep-ph]. 

First semiclassical approximation:  quantum loops & 
relativistic bound-state equation reduced to  effective LF Schroedinger eq. 

Invariant mass of  free constituents  is the dynamical variable , 
measures parton separation at equal light-front  time (deTeramond:2008ht).
  
QCD multi-parton problem reduced  (first semi-classical approximation) to  effective 
1-dimensional quantum  mechanics 

complexities of strong interaction  in effective potential   

mq = 0

% = b2x(1 " x)

U
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Formalism quark-diquark model

• Excellent baryon & meson spectroscopy, form 
factors Feynman mechanism 
PR102.081601,PRD.91.045040,PRD.91.085016 

• Gives wave functions at fixed value of x 
• OK because interactions with medium ! b2

( " d2

d%2 " 1 " 4L2

4%2 + U(%, J ))&(%) = M2&(%)

L, J orbital total ang mom .
%2 = b2x(1 " x), & prob . amp .

U(%, J) = '4%2 + 2'2(J " 1)
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Depends on Hadron



Time dependence

• Procedure, ,  Legendre trans. 
(Momentum to velocity) 

• Use path integral formalism to get 
  

•  

• Effective size of PLC moving thru nucleus 
• First-order in multiple scattering 

H # L

( development operator K(t)

b2(t) & '(00 !b2K(t) !PLC)
'(00 !PLC)

b(0) = 0, here

2i
*
*(

( = 1
P+ ( " 1

x(1 " x) +2
b + U(b2(x(1 " x), J )) (,

( & x+, ( = PLC wave packet

Friday,	June	4,	2021 11:05	AM
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Rate of Expansion Depends on 
Hadron

6

meson and baryon spectra is the first new result presented here. See also Ref. [49].

Given the time-development operator of Eq. (7), we may study the time development of a PLC, potentially formed
in a high momentum transfer (hard) reaction. A measure of expansion was introduced in Ref. [50]. The idea is that a
PLC is originated via a hard interaction involving nucleons initially bound in a nucleus. The soft interactions between
the PLC and the surrounding medium is proportional to the square of the transverse separation distance [2–4]. We
wish to compare the relative e↵ects of escaping with an interaction to that of escaping without an interaction. This
is given by a ratio defined as b

2(t). The e↵ective size is given by the ratio of matrix elements:

b
2(t) ⌘ h 00|b2K(t)|PLCi

h 00|PLCi , (8)

where  00 is the ground state wave function of Eq. (4), and K(t) is the time-development operator of Eq. (7). This
expression is first-order in a final-state interaction. A complete multiple scattering series was presented in [51]. The

term i�
b
2(t)
hb2i has been thought of as scattering amplitude that varies along the path length, `, of an outgoing PLC,

with t = ` [13].

Evaluations of b2(t) proceed by taking a simple form for the PLC: hb|PLCi = e��b2

. Evaluation of Eq. (8) is then
straightforward because Gaussians are involved. The result is that

b
2
H

(t) =
2

2

i

x(1 � x)
sin (

22

P+
t) exp [�i(

42

P+
+

CH

P+
)t] +

2

2x(1 � x) + 2�
exp [�i(

62

P+
+

CH

P+
)t]. (9)

The time dependence is seen to be independent of the value of x, and the results are periodic with an angular frequency
of ! ⌘ 22

/P
+. As a result, the second term vanishes smoothly for all values of t as � approaches infinity, the point-

like limit. In that case, the first term of Eq. (9) accurately describes the time development and is independent of the
detailed form of hb|PLCi, provided the size parameter of the PLC is su�ciently small.

The expression for b
2
H

(t) is complex-valued (as has been known for a long time [23]), but only the real part
contributes to the absorption of the outgoing ejected proton. Therefore, we take the limit � ! 1 and use the real
part of b2

H
. This and using the stated values of CH yields the results:

b
2
⇡

2b̄2
= sin2( 2

2

P+ t) (10)

b
2
⇢

2b̄2
= sin( 2

2

P+ t) sin( 4
2

P+ t) (11)

b
2
N

2b̄2
= sin( 2

2

P+ t) sin( 6
2

P+ t). (12)

These expressions contain the remarkable result that the e↵ects of confinement cause the expansion time to be very
di↵erent for pions, rho mesons and nucleons. The oscillations inherent in the above results are of no consequence.
Once the first maximum is hit the system is strongly absorbed and the formulae are no longer relevant.

The results of evaluations are shown in Figs. 2-4. The pionic results of Fig 2 are presented for the upper and lower
values of P+

⇡
of Ref. [30] along with 100 GeV/c. It is useful to define the expansion time, tH as the lowest time tE for

which b
2
H

hits its maximum value. For the pion this is t⇡ = 1.57 P
+

22 = 0.552 P
+

GeV fm. This time increases from about
2 fm to 6 fm in the kinematic range of Ref. [30] . This increase is large enough so that the observed increase in the
measured transparency can reasonably be ascribed to the e↵ects of color transparency. The FermiLab experiment
was done at 500 GeV, but the results shown here are for 100 GeV. This is done only to allow a non-zero value to be
shown. It is very clear that, in the FermiLab experiment, the PLC goes through an entire nucleus without expanding.

The results for the expansion of a ⇢ PLC are presented in Fig. 3. For the experiment of [31] t⇢ = .955 P
+

22 =

0.335 P
+

GeV fm is only about 2 fm for all of its kinematic variables. This indicates that the observed rise in the
transparency, while consistent with theoretical predictions, may not be due to color transparency. However, a new
experiment that doubles the value of P+ could lead to observation of the e↵ects of color transparency.

The key results here are for the proton as shown in Fig. 4. The proton expansion time is given by tp = 0.659 P
+

22 =

0.231 P
+

GeV fm. In the (e, e0p) experiment on a 12C target [1], the value of Q2 ranges between 8 and 14.2 GeV2. The
photon energy ⌫ = Q

2
/(2M), and P

+
p

⇡ 2⌫. Thus P
+ ranges from about 8 to 14 GeV. As shown in Fig. 3, tp ranges

between about 2 to about 3 fm. This is large enough to observe the e↵ects of color transparency because the radius
of 12C is only about 2.4 fm. If a PLC had been formed, it would have made it out of the nucleus without being
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⇡ = 8.8 GeV, Dot-dashed (green) P+
⇡ = 100 GeV. t is in units of fm

2 4 6 8 10

-0.5

0.5
b2

�

2b̄2 t(fm)

FIG. 3.
b2⇢
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. Solid (red) P+
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⇢ = 12 GeV. t is in units of fm
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FIG. 4.
b2N
2b̄2

Solid (red) P+
N = 8 GeV, Dashed (blue) PN+ = 14 GeV. t is in units of fm.

absorbed. Thus we are led to the inevitable conclusion that a PLC was not formed. This means that all of the quarks
are not on top of each other during the high-momentum transfer process, so that the Feynman mechanism is the only
one left standing.

The conclusion that the Feynman mechanism is responsible for the proton electromagnetic form factor raises a
number of interesting questions regarding its implications. The first is whether this Feynman dominance occurs for all
hadrons, in particular the pion. The pion electromagnetic form factor has been studied extensively via perturbative
and non-perturbative means, including lattice QCD calculations. In the analytic examples, both the perturbative
QCD and light front holography calculations lead to an asymptotic form factor ⇠ 1/Q2. The PLC is part of the former
calculations. The Feynman mechanism does dominate in the latter calculations at infinite momentum [52]. However,
values of x near 1/2 dominate the light front wave function [38] for the relative momenta involved in the FermiLab
experiment. Thus the result that the astounding A-dependence observed is due to color transparency is not challenged.

Another point concerns the relation with the EMC e↵ect, the nuclear suppression of high quark structure function
at large values of Bjorken x. Frankfurt & Strikman suggested [13, 53] that this suppression is due to the reduction
of the nucleon’s PLC component caused by the attractive nature between the nucleon’s non-PLC component and
the residual nucleus. This idea has been followed up in many papers, including [54–57], and an excellent interpre-
tation along with a qualitative description of nuclear structure functions in the valence region has been obtained.
The question arises: does the lack of PLC dominance of the electromagnetic form factor cast doubt on the basic
idea that the di↵erent nuclear interactions of di↵erent-sized components of the nucleon wave function is responsible
for the EMC e↵ect. The answer is no, because the having a dominant PLC is not necessary. The only necessity
is that di↵erent sized components of the nucleon wave function interact di↵erently with the nucleus. A first ap-
plication of this idea that uses a light front holographic treatment [21] of the nucleon wave function was presented

Pion:  between 
2 and 5 fm in exp. 
CT seen more 
Likely

tE

Rho:  between 
2 fm for exp. 
CT less likely 
Higher energy would 
see CT 

tE

Expansion does  
not occur for Flab 
Experiment
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Solid (red) P+
N = 8 GeV, Dashed (blue) PN+ = 14 GeV. t is in units of fm.

absorbed. Thus we are led to the inevitable conclusion that a PLC was not formed. This means that all of the quarks
are not on top of each other during the high-momentum transfer process, so that the Feynman mechanism is the only
one left standing.

The conclusion that the Feynman mechanism is responsible for the proton electromagnetic form factor raises a
number of interesting questions regarding its implications. The first is whether this Feynman dominance occurs for all
hadrons, in particular the pion. The pion electromagnetic form factor has been studied extensively via perturbative
and non-perturbative means, including lattice QCD calculations. In the analytic examples, both the perturbative
QCD and light front holography calculations lead to an asymptotic form factor ⇠ 1/Q2. The PLC is part of the former
calculations. The Feynman mechanism does dominate in the latter calculations at infinite momentum [52]. However,
values of x near 1/2 dominate the light front wave function [38] for the relative momenta involved in the FermiLab
experiment. Thus the result that the astounding A-dependence observed is due to color transparency is not challenged.

Another point concerns the relation with the EMC e↵ect, the nuclear suppression of high quark structure function
at large values of Bjorken x. Frankfurt & Strikman suggested [13, 53] that this suppression is due to the reduction
of the nucleon’s PLC component caused by the attractive nature between the nucleon’s non-PLC component and
the residual nucleus. This idea has been followed up in many papers, including [54–57], and an excellent interpre-
tation along with a qualitative description of nuclear structure functions in the valence region has been obtained.
The question arises: does the lack of PLC dominance of the electromagnetic form factor cast doubt on the basic
idea that the di↵erent nuclear interactions of di↵erent-sized components of the nucleon wave function is responsible
for the EMC e↵ect. The answer is no, because the having a dominant PLC is not necessary. The only necessity
is that di↵erent sized components of the nucleon wave function interact di↵erently with the nucleus. A first ap-
plication of this idea that uses a light front holographic treatment [21] of the nucleon wave function was presented
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