
QCD and Nuclear Medium Effects:

Theory overview

• Nucleon is composite object made of quarks, anti-quarks and 
gluons


• How is the nucleon structure changed in the nucleus? 


• EMC effect-nuclear modification of nucleon structure function - 
nucleon IS modified


• Color transparency -suppression of final state interactions in 
coherent processes


• Relationship between EMC effect and Color Transparency?


• Can 22 GeV help? YES

Gerald A. Miller, University of Washington
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Recent thoughts on the 
EMC (1982) effect
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Deep in the nucleus:
a puzzle revisited

ASTROWATCH
Planck reveals an
almost perfect
universe 
p12

IT’S A
HIGGS BOSON

The new particle
is identifi ed p21

The key to fi nding
out if a collision
is head on 
p31

HEAVY IONS

Welcome to the digital edition of the May 2013 issue of CERN Courier.

Last July, the ATLAS and CMS collaborations announced the discovery of 
a new particle at the LHC with a mass of 125 GeV. They referred to it as a 
“Higgs-like boson” because further data were needed to pin down more of its 
properties. Now, the collaborations have amassed enough evidence to identify 
the new particle as a Higgs boson, although the question remains of whether 
it is precisely the Higgs boson of the Standard Model of particle physics. The 
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masses of these particles were just as electroweak theory predicted, based on 
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other particle interactions continue to provide puzzles in more complex 
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heavy-ion collisions. 
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Effect is small,  for x between 0.3 and 0.7 linear decrease with x
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Anti-shadow

EMC

Fermi motion
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Ideas: ~1000 papers 3 ideas

• Proper treatment of known  effects: binding, 
Fermi motion, pionic- NO nuclear modification 
of internal nucleon/pion quark structure


• Quark based- high momentum suppression 
implies larger confinement volume  


•   bound nucleon is larger than free one- a 
mean field effect- 


•  multi-nucleon clusters - beyond the mean 
field  

p2 − M2 virtuality small

p2 − M2 virtuality large

3
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Quark structure of nucleon
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Schematic 

two-component

nucleon model:

Blob-like config:BLC

Point-like config: PLC

BLC
PLC

gives high x

q(x) PLC doesn’t interact with nucleus


Energy diff increased, PLC 
suppressed

Frankfurt-

Strikman

qM = q + 1/2qB(ϵM − ϵ)( f(x)−1)

ϵM < ϵ,
df
dx

> 0,
qM

q
= 1 + function that decreases with x

ϵM − ϵ ∝ virtuality

what is f(x)

Basic idea- suppression of PLC is source of EMC effect

f(x) =
PLC(x)
BLC(x)



Previous model not complete:

Needs specific x-dependence for BLC & PLC  


•
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universal reparametrization function wðxÞ which incorporates Regge behavior at small x and inclusive
counting rules at x → 1. A simple ansatz for wðxÞ that fulfills these physics constraints with a single-
parameter results in precise descriptions of both the nucleon and the pion quark distribution functions in
comparison with global fits. The analytic structure of the amplitudes leads to a connection with the
Veneziano model and hence to a nontrivial connection with Regge theory and the hadron spectrum.
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Introduction.—Generalized parton distributions (GPDs)
[1–3] have emerged as a comprehensive tool to describe the
nucleon structure as probed in hard scattering processes.
GPDs link nucleon form factors (FFs) to longitudinal parton
distributions (PDFs), and their first moment provides the
angular momentum contribution of the nucleon constituents
to its total spin through Ji’s sum rule [2]. The GPDs also
encode information of the three-dimensional spatial structure
of the hadrons: the Fourier transform of the GPDs gives the
transverse spatial distribution of partons in correlation with
their longitudinal momentum fraction x [4].
Since a precise knowledge of PDFs is required for the

analysis and interpretation of the scattering experiments in
the LHC era, considerable efforts have been made to
determine PDFs and their uncertainties by global fitting
collaborations such as MMHT [5], CT [6], NNPDF [7], and
HERAPDF [8]. Lattice QCD calculations are using differ-
ent methods, such as path-integral formulation of the deep-
inelastic scattering hadronic tensor [9–11], the inversion
method [12,13], quasi-PDFs [14–18], pseudo-PDFs
[19,20], and lattice cross sections [21], to obtain the
x dependence of the PDFs. The current status and chal-
lenges for a meaningful comparison of lattice calculations
with the global fits of PDFs can be found in [22].

There has been recent interest in the study of parton
distributions using the framework of light-front holo-
graphic QCD (LFHQCD), an approach to hadron structure
based on the holographic embedding of light-front dynam-
ics in a higher dimensional gravity theory, with the
constraints imposed by the underlying superconformal
algebraic structure [23–29]. This effective semiclassical
approach to relativistic bound-state equations in QCD
captures essential aspects of the confinement dynamics
that are not apparent from the QCD Lagrangian, such as the
emergence of a mass scale λ ¼ κ2, a unique form of the
confinement potential, and a zero mass state in the chiral
limit: the pion and universal Regge trajectories for mesons
and baryons.
Various models of parton distributions based on

LFHQCD [30–51] use as a starting point the analytic form
of GPDs found in Ref. [52]. This simple analytic form
incorporates the correct high-energy counting rules of FFs
[53,54] and the GPD’s t-momentum transfer dependence.
One can also obtain effective light-front wave functions
(LFWFs) [28,55] that are relevant for the computation of
FFs and PDFs, including polarization-dependent distribu-
tions [43,44,47]. LFWFs are also used to study the skew-
ness ξ dependence of the GPDs [41,45,48,50,51] and other
parton distributions such as the Wigner distribution func-
tions [38,43]. The downside of the above phenomenologi-
cal extensions of the holographic model is the large number
of parameters required to describe simultaneously PDFs
and FFs for each flavor.
Motivated by our recent analysis of the nucleon FFs in

LFHQCD [56], we extend here our previous results for

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
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• 4 dimensional QFT equivalent to 5 dim. gravitational theory- space time is bent 
(Maldecena conjecture), holographic dual


• Bottom up procedure: construct four dimensional light front wave equation that has 
holographic dual


•   


•

/19

LFQCD -good description of

much data
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Nucleon GPDs

The nucleon GPDs are extracted from nucleon FF
data [66–70] choosing specific x- and t-dependences of
the GPDs for each flavor. One then finds the best fit
reproducing the measured FFs and the valence PDFs.
In our analysis of nucleon FFs [56], three free parame-
ters are required: These are r, interpreted as an SU(6)
breaking e↵ect for the Dirac neutron FF, and �p and �n,
which account for the probabilities of higher Fock com-
ponents (meson cloud), and are significant only for the
Pauli FFs. The hadronic scale � is fixed by the ⇢-Regge
trajectory [28], whereas the Pauli FFs are normalized to
the experimental values of the anomalous magnetic mo-
ments.

Helicity Non-Flip Distributions

Using the results from [56] for the Dirac flavor FFs,
we write the spin non-flip valence GPDs H

q(x, t) =
q(x) exp [tf(x)] with

uv(x) =
⇣
2 � r

3

⌘
q⌧=3(x) +

r

3
q⌧=4(x), (16)

dv(x) =

✓
1 � 2r

3

◆
q⌧=3(x) +

2r

3
q⌧=4(x), (17)

for the u and d PDFs normalized to the valence content
of the proton:

R 1
0 dxuv(x) = 2 and

R 1
0 dx dv(x) = 1. The

PDF q⌧ (x) and the profile function f(x) are given by (9)
and (10), and w(x) is given by (15). Positivity of the
PDFs implies that r  3/2, which is smaller than the
value r = 2.08 found in [56]. We shall use the maximum
value r = 3/2, which does not change significantly our
results in [56].

10�4 10�3 10�2 10�1 100

x

0.0

0.2

0.4

0.6

x
q(

x
)

µ2 = 10 GeV2

uv

dv

NNPDF3.0
MMHT2014
CT14
LFHQCD (NNLO)

FIG. 1. Comparison for xq(x) in the proton from LFHQCD
(red bands) and global fits: MMHT2014 (blue bands) [5],
CT14 [6] (cyan bands), and NNPDF3.0 (grey bands) [77].
LFHQCD results are evolved from the initial scale µ0 = 1.06±
0.15GeV.

The PDFs (16) and (17) are evolved to a higher

scale µ with the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) equation [71–73] in the MS scheme using
the HOPPET toolkit [74]. The initial scale is chosen at
the matching scale between LFHQCD and pQCD as µ0 =
1.06 ± 0.15GeV [75] in the MS scheme at next-to-next-
to-leading order (NNLO). The strong coupling constant
↵s at the scale of the Z-boson mass is set to 0.1182 [76],
and the heavy quark thresholds are set with MS quark
masses as mc = 1.28GeV and mb = 4.18GeV [76]. The
PDFs are evolved to µ

2 = 10GeV2 at NNLO to com-
pare with the global fits by the MMHT [5], CT [6], and
NNPDF [77] collaborations as shown in Fig. 1. The value
a = 0.531±0.037 is determined from the first moment of
the GPD,

R 1
0 dx xH

q
v(x, t = 0) = A

q
v(0) from the global

data fits with average values Au
v (0) = 0.261 ± 0.005 and

A
d
v(0) = 0.109±0.005. The model uncertainty (red band)

includes the uncertainties in a and µ0 [78]. We also in-
dicate the di↵erence between our results and global fits
in Fig. 2. The t-dependence of Hq

v(x, t) is illustrated in
Fig. 3. Since our PDFs scale as q(x) ⇠ x

�1/2 for small-x,
the Kuti-Weisskopf behavior for the non-singlet structure
functions F2p(x) � F2n(x) ⇠ x(uv(x) � dv(x)) ⇠ x

1/2 is
satisfied [79, 80].

FIG. 2. Di↵erence between our PDF results and global fits.

Helicity-Flip Distributions

The spin-flip GPDs E
q
v(x, t) = e

q
v(x) exp [tf(x)] follow

from the flavor Pauli FFs in [56] given in terms of twist-4
and twist-6 contributions

e
q
v(x) = �q [(1 � �q) q⌧=4(x) + �q q⌧=6(x)] , (18)

normalized to the flavor anomalous magnetic momentR 1
0 dx e

q
v(x) = �q, with �u = 2�p + �n = 1.673 and

�d = 2�n + �p = �2.033. The factors �u and �d are

�u ⌘ 2�p�p + �n�n

2�p + �n
, �d ⌘ 2�n�n + �p�p

2�n + �p
, (19)

where the higher Fock probabilities �p,n represent the
large distance pion contribution and have the values �p =
0.27 and �n = 0.38 [56]. Our results for E

q
v(x, t) are

displayed in Fig. 3.

PRL 120,182001 gets good fit

3 is PLC, 4 is BLC
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xq4(x)
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5

f(x) ≡
q3(x)
q4(x)

x

x
f(x) is the ratio we needed to understand the EMC effect

Nucleon pdf : Ψ2
N = 3/2(q3 + q4)

3 means  3 partons, 4 is 4 partons
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FIG. 3: EMC ratio comparisons between the LFHQCD model (red line) and published experimental data
(removed isoscalar corrections) obtained from JLab (solid points) and MARATHON (solid triangles). The
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Virtuality (A)

Is large


Consistent with

EMC-SRC correlation



Anti-shadowing? 
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Bump at low x comes from baryon 
conservation- larger virtuality means larger 

bump at low x

Small virtuality Large virtuality

22 GeV remove  higher twist??




Summary of EMC
• Basic model is suppression of point like configurations, PLC

• Light  front holographic QCD, based duality with a gravitational theory in 5 dimensions 

provides distribution functions (x) for PLC and BLC components

• x dependence accounts for EMC effect


• Values of parameter  need to describe  data indicate large virtuality is needed, so 
SRC explanation seems favored over mean field- consistent with EMC-SRC 
correlation seen at JLab


• Anti-shadowing comes from baryon conservation

δ
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Color Transparency  

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 ? - 

Friday,	June	4,	2021 11:05	AM

Diffractive

Dissociation

10



 Color Transparency Idea
   Why interesting?
•new dynamical phenomena- turn off strong interactions


•are PLCs made? -high Q2-exclusives


• nuclear physics implications of PLC- nucleon 
modified- EMC effect

Problem- expansion time- τexpansion =
2P

ΔM2

P is momentum of outgoing particle, higher is better

JLab 22 would be a big improvement

/1911

T =
σ

σPWA Glauber
Color transparency

Q2

Electroproduction signature



⇡(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!

/1912

⇡ +N(A) ! “2 high transverse momentum jets” +N(A)

ground state                              ground state  

g g

qq̄

⇡ ! qq̄

Phys.Lett. B304 (1993) 1FMS

A A

pπ = 500 GeV

ℳ(forward) ∝ A, σA ∝ A2 * A−2/3 = A4/3 + positive corrections

Phys. Rev D65,094015

+…

D. Ashery PRL 104, 86,4773
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We have measured the nuclear transparency of the A!e; e0!"# process in 2H, 12C, 27Al, 63Cu, and 197Au
targets. These measurements were performed at the Jefferson Laboratory over a four momentum transfer
squared range Q2 $ 1:1 to 4:7 !GeV=c#2. The nuclear transparency was extracted as the super-ratio of
("A="H) from data to a model of pion-electroproduction from nuclei without !-N final-state interactions.
The Q2 and atomic number dependence of the nuclear transparency both show deviations from traditional
nuclear physics expectations and are consistent with calculations that include the quantum chromody-
namical phenomenon of color transparency.

DOI: 10.1103/PhysRevLett.99.242502 PACS numbers: 25.30.Rw, 24.85.+p

In the context of perturbative Quantum Chromo
Dynamics (QCD), Brodsky and Mueller [1] predicted
that at sufficiently high momentum transfers, the
quark-gluon wave packets of hadrons can be produced
as a ‘‘color neutral‘‘ object of a reduced transverse size.
If this compact size is maintained for some distance in
traversing the nuclear medium, it would pass undisturbed

through the nuclear medium. This is the so-called phe-
nomenon of color transparency (CT). Nuclear transpar-
ency, defined as the ratio of the cross section per nucleon
for a process on a bound nucleon in the nucleus to that from
a free nucleon, is the observable used to search for CT. A
clear signature for the onset of CT would involve a rise in
the nuclear transparency as a function of Q2. Later works

PRL 99, 242502 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
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missing-mass spectra. The multiple-pion simulation was
used to determine the location of the cut on the experimen-
tal missing-mass spectrum such that the contamina-
tion from multiple-pion events was less than 0.4%.
This allowed the missing-mass cut to be placed
!10–50 MeV=c2 above the actual kinematic threshold
for two-pion production. The simulation was able to re-
produce the shapes of the measured W, Q2, and jtj distri-
butions versus the missing mass reasonably well for all
targets and Q2 settings. Representative missing-mass
spectra for 12C"e; e0!# are shown together with the Plane
Wave Impulse Approximation (PWIA) simulation in Fig. 1
for all Q2 settings. The agreement between the missing-
mass spectra obtained from data and simulation improves
with increasing Q2. The discrepancy seen at Q2 $
1:1 "GeV=c#2 can be attributed to the reaction mechanisms
missing from the simulations such as final-state interac-
tions between the knocked-out neutron and the residual
nucleons (nN-FSI) and short range correlations.

In order to extract the nuclear transparency from the
experimental yields, the cross section for the bound proton
must be corrected for the effects of Fermi motion, Pauli
blocking, the off-shell properties of the proton, and the
acceptances of the spectrometers. In order to account for
these effects, the nuclear transparency was formed using
the experimental charge normalized yield, !Y, divided by
the charge normalized Monte Carlo equivalent yield, !YMC.
For a given target, with nucleon number, A, the nuclear
transparency was defined as

 T $ " !Y= !YMC#A=" !Y= !YMC#H; (1)

where the denominator is the ratio of the yields from the 1H
target. As the Monte Carlo simulation does not include
final-state interactions between the pion and the residual
nucleons, the nuclear transparency is a measure of these
final-state interactions, and the reduction of these interac-
tions is a signature of CT.

Traditional nuclear physics calculations based on the
Glauber multiple scattering mechanism [19] are expected
to be energy-independent ( because the !-nucleon cross
section is constant for the energies in this experiment). To
investigate the energy dependence, the extracted nuclear
transparency is shown as a function of Q2 in Fig. 2. The
point-to-point (Q2 dependent) systematic uncertainty is
2.4–3.2%, dominated by uncertainty in the spectral func-
tion (1%) and the iteration procedure (1%). There is an
additional normalization systematic uncertainty of 1.1%
(not shown in the figure) with pion absorption correction
(0.5%), and target thickness (1%) being the main sources.
The Q2 dependent model uncertainty is 7.6%, 5.7%, 3.5%,
3.8%, and 3.8% for Q2 $ 1:1, 2.1, 3.0, 3.9, and
4:7 "GeV=c#2, respectively. This uncertainty was deter-
mined from the change in Q2 dependence of the trans-
parency when using two different spectral functions and
two different Fermi distributions in the simulation, and the

Q2 dependent uncertainty from reactions mechanisms not
included in the simulation (estimated by quantifying the
difference in shape of the missing-mass spectra from data
and simulation) added in quadrature. The Q2 dependent
model uncertainty is shown as a dark band in the bottom
right panel of Fig. 2. There is an additional 7.0% normal-
ization type model uncertainty, independent of Q2, not
shown in the figure. The observed Q2 dependence of the
transparency deviates from the calculations without CT of
Larson et al. and Cosyn et al. [20,21], and are in better
agreement with the CT calculations of the same authors.
Larson et al. use a semiclassical Glauber multiple scatter-
ing approximation, while Cosyn et al. use a relativistic
version of Glauber multiple scattering theory. Both groups
incorporate CT using the quantum diffusion model of
Ref. [22] with the same parameters " $ 1 fm=c and M2

h $
0:7 GeV2.

In addition to the Q2 dependence, the dependence of the
nuclear transparency on A is important in the search of CT
effects and is examined by fitting the transparency as a
function of A at fixed Q2 to the form T $ A#%1. The
parameter # is found to be !0:76 in fits to the pion-nucleus
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FIG. 2 (color online). Nuclear transparency, T, vs Q2 for 2H
and 12C (left, top panel), 27Al (right, top), 63Cu (left, bottom),
and 197Au (right, bottom). The inner error bars are the statistical
uncertainties, and the outer error bars are the statistical and
point-to-point systematic uncertainties added in quadrature.
The dark band in the bottom right panel is the Q2 dependent
model uncertainty, and is the same for all nuclei. The solid and
dashed lines are Glauber and Glauber plus CT calculations,
respectively [20]. Similarly, the dot-dash and dotted lines are
Glauber and Glauber plus CT calculations, respectively [21].
These calculations also include the effect of short range corre-
lations (SRC).
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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
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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
support throughout the experiment. We are also grate-
ful to all granting agencies providing funding support to
authors throughout this project.
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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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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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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
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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
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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
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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 PRC104,L012201

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. 

We used holographic wave functions to compute the expansion time

mq = 0
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Time dependence

• Use path integral formalism to get 
 


• 


• Effective size of PLC moving thru nucleus

• First-order in multiple scattering 

τ development operator K(t)
b2(t) ≡

⟨Ψ00 |b2K(t) |PLC⟩
⟨Ψ00 |PLC⟩

b(0) = 0, here

Friday,	June	4,	2021 11:05	AM

17



Meson results- expansion time : vertical lines, tE,
7

5 10 15 20

0.2

0.4

0.6

0.8

1.0

b2
�

2b̄2

t(fm)

FIG. 2.
b2⇡
2b̄2

. Solid (red) P+
⇡ = 5.5 GeV, Dashed (blue) P+

⇡ = 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⇢
2b̄2

. Solid (red) P+
⇢ = 6 GeV, Dashed (blue) P+

⇢ = 12 GeV. t is in units of fm

b2
N

2b̄2 t(fm)2 4 6 8 10

-1.0

-0.5

0.5

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
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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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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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Nucleons and pions 
PA+ = PN+  + Pπ+  =MA 

 Pπ+ /MA =.04, explain EMC,  sea enhanced 
try Drell-Yan, Bickerstaff, Birse, Miller 84
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One thing I learned since ‘85
• Nucleon/pion  model is not cool

Deep Inelastic scattering from nuclei-nucleons 
only free structure function

• Hugenholz van Hove 
theorem  nuclear stability 
implies (in rest frame) 
P+=P- =MA


• P+   =A(MN - 8 MeV)

• average nucleon k+

   k+=MN-8 MeV, Not much 

spread 

   F2A/A~F2N no EMC effect

Binding  causes no 
EMC effect

Momentum sum rule- 

matrix element of energy

momentum tensor
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