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Describing the Strong Force

N

N
p

1935 – Hideki Yukawa proposed a theory of the 
strong force between nucleons involving exchange 
of (as yet) unknown particles à pions
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Modern descriptions  of interactions between nucleons are still based on this 
fundamental idea, but with many refinements 
• Multiple pion exchange
• Include other exchange particles
• 3-body forces
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Example: Argonne v18 Potential

• Starting from this “effective” model of interactions between protons and neutrons – 
one can build up any nucleus we want à (only limited by computing power)
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Strong Interactions – QCD
• These days, we know the fundamental degrees of freedom are quarks and gluons
• Interactions between quarks and gluons, are governed by Quantum Chromodynamics
• Nucleon-nucleon interactions governed by the part of the quark-gluon interactions that 

“spill over outside the nucleon
• Unlike gravity and electromagnetism, interactions get stronger as particles get further 

apart à confinement
• 3 important points about QCD

– It cannot be solved “exactly”
– It can be solved approximately but only at very large energies (small distances)
– It can also be solved numerically with a lot of computing power (Lattice QCD)
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Meson exchange vs. QCD

Squarks+gluons
=                 Shadrons

Why is the effective theory of the interactions between nucleons (meson 
exchange) so successful?
à Likely related to fundamental quantum mechanics à physics phenomena can 
be described by multiple, complete basis states

In many situations one basis is more convenient than the other 
à Is there such a situation for quarks in nuclei?
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CEBAF’s Original Mission Statement
• Key Mission and Principal Focus (1987):

– The study of the largely unexplored transition between the nucleon-
meson and the quark-gluon descriptions of nuclear matter.

    The Role of Quarks in Nuclear Physics

• We can describe nuclei, for the most part, just using protons, neutrons, and 
other exchange particles: does there come a point at which we must describe 
in terms of quarks and gluons?
– If not, why not?
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Related Topics
• Do individual nucleons change their size, shape, and quark structure in 

the nuclear medium?

• How do quarks and gluons come together to determine the structure of 
the proton?
– What is the distribution of charge and magnetism in the nucleon?
– How is the spin of the proton built up from quarks and gluons?

• What are the properties of the strong force (“QCD”) in the regime where 
quarks are confined?
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Deep Inelastic Scattering
Cross section for inclusive 
lepton (electron) scattering:
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F2 and Parton Distributions
• F2 interpreted in the quark-parton model as the charge-weighted sum over quark distributions

• At finite Q2, F2 not Q2 independent à scaling violations can be predicted in pQCD
• At fixed x, scaling can be tested via logarithmic derivative of F2 w.r.t. to Q2

• In addition, corrections due to the finite mass of the nucleon lead to further scaling violations 
à these can be partially accounted for by examining data in terms of Nachtmann variable, x
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F2 and Parton Distributions
• F2 interpreted in the quark-

parton model as the charge-
weighted sum over quark 
distributions

• Quark structure of nucleon 
inferred from DIS on proton 
and neutron (deuteron) + 
complementary reactions
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Figure 1: MSHT20 NNLO PDFs atQ2 = 10 GeV2 andQ2 = 104 GeV2, with associated 68% confidence-
level uncertainty bands.

consider: CMS 13 TeV data on W + c production [29], which tests predictions particularly

dependent on the strange quark; the ratios of Z and tt̄ cross sections at 8 TeV and 13 TeV

at ATLAS [30]; the CMS measurements of single-top production [31, 32]; the potential impact

of LHCb exclusive J/ production data [33, 34], as accounted for in the analysis of [35], and

LHCb data on D meson production [33, 36, 37], as accounted for in the analysis of [38]. In

Section 11 we compare our MSHT PDFs with those of the other most recent global analyses of

PDFs – NNPDF3.1 [2] and CT18 [3], and also with older sets of PDFs of other collaborations.

In Section 12 we summarise the availability of the MSHT20 PDF sets and their delivery. In

Section 13 we present our conclusions.

2 Changes in the theoretical procedures

As in the case of MMHT14, we present PDF sets at LO, NLO and NNLO in ↵S. In the latter

case we use the splitting functions calculated in [39, 40] and for structure function data, the

massless coe�cient functions calculated in [41–46]. There are however, a significant number

of changes in our theoretical description of the data, compared to that used in the MMHT14

analysis. We present these in this section, and when appropriate we also mention some of the

main e↵ects on the PDFs resulting from these improvements.

2.1 Input distributions

In MMHT14 we began to use parameterisations for the input distributions based on Chebyshev

polynomials. Following the detailed study in [47], we take for most PDFs a parameterisation
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Figure 18.4: The bands are x times the unpolarized parton distributions f(x) (where f =
uv, dv, u, d, s ƒ s̄, c = c̄, b = b̄, g) obtained in the NNLO MSHT20 global analysis [63] (top) at
scales µ2 = 10 GeV2 (left) and µ2 = 104 GeV2 (right), with –s(M2

Z) = 0.118. The polarized parton
distributions f(x) obtained in the NLO NNPDFpol1.1 fit [92] (bottom).

Comprehensive sets of PDFs are available from the LHAPDF library [118], which can be linked
directly into a user’s programme to provide access to recent PDFs in a standard format. This also
includes many nuclear and polarized PDFs.

1st December, 2023

x
From Particle Data Group – 2023 Review of Particle Physics

qi(x) = u(x), d(x), s(x) …
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Nuclear Structure Functions
1538 R P Bickerstaff and A W Thomas 
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I Figure 7. Bodek-Ritchie (1981) predictions for 

the Fermi motion correction to the structure 
function of Fe. The full curve is the quasi- 
deuteron approximation, the chain curve has 

0 . 9  1 I I I 1 no high-momentum tail, and the broken curve 
0 0 . 2  0.4 0.6 0.8 uses the A - 1 nucleus to balance momentum. 
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Ritchie noted that the effect of Fermi smearing was sensitive to this assumption. 
Figure 7 shows the results of this procedure in comparison with those obtained by 
using the same kinematics as for p <pF and also by neglecting p >pF (i.e. using the 
distribution (4.19) instead of (4.20)). Saito and Uchiyama (1985) have further 
investigated this sensitivity using also a two-range Gaussian momentum distribution. 
(The deviation of the ratio from unity at x = 0 is due to the West p correction, which 
is aggravated by using A = 2 in (4.23).) 

Although Bodek and Ritchie considered the quasideuteron approximation to be 
best, and it is in line also with Frankfurt and Strikman's (1979b) few-nucleon 
correlation model, there are other approaches. For example, one could take the 
correlated nucleons to be in a nucleus in a 2p2h state, so that a high-momentum 
nucleon recoils against an A - 1 nucleus in a highly excited lp2h state. The proper 
treatment of this requires an extension of the binding model (see § 4.3). Berlad et al 
(1980) preferred to treat short-range correlations via multi-quark states (see also 
Pirner and Vary (1981)). 

Bodek and Ritchie (1981) considered their approach valid at arbitrary Q 2  and 
applied it even in the resonance region. Henceforth, however, we shall restrict 
ourselves to the scaling region and assume the Bjorken limit. In this limit the 
convolution formulae (4.8) and (4.9) reduce to 

and 

where 

(4.26) 

(4.27) 

(4.28) 

and we have used 

(4.29) 

(4.30) 

Figure  from Bickerstaff and Thomas, J. Phys. 
G 15, 1523 (1989)
Calculation: Bodek and Ritchie PRD 23, 1070 
(1981)

Since nuclear binding energies are small (~MeV) 
compared to typical DIS energies (~GeV), the naïve 
expectation was that nuclear effects in DIS would be 
small 

R =
FA
2

ZF p
2 + (A� Z)Fn

2
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From the beginning the above expression was 
known to be too simple à difference in the “Fermi 
momentum” for heavy nuclei leads to rise at large x

No nuclear 
effects
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Discovery of the EMC Effect

Aubert et al, Phys. Lett. B123, 275 (1983)

EMC Collaboration

• First published measurement of 
nuclear dependence of F2 by the 
European Muon Collaboration in 1983

• Observed 2 mysterious effects
– Significant enhancement at small x 
à Nuclear Pions! (my thesis)

– Depletion at large x à the “EMC 
Effect”

• Enhancement at x<0.1 later went 
away
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Confirmation of the EMC Effect
VOLUME 51, NUMBER 7 PHYSICAL REVIEW LETTERS 15 AUGUST 1~)8$
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FIG. 1. (a) oA~/O'D and (b) or~/aD vs x. Only random errors are shown. Point-to-point systematic errors have
been added linearly (outer bars) where applicable. The normalization errors of + 2.3% and + 1.1% for crA~/oD (E498)
and oF~/aD (E87), respectively, are not included. All data for W» 1.8 GeV are included. The data have been cor-
rected for the small neutron excess and have not been corrected for Fermi-motion effects. The curve indicates
the expected ratio if Fermi-motion effects were the only effects present (Ref. 11). High-Q2az, /oD data from EMO
(Ref. 2), Iow-g o'Ay/ao and ac„/o'D data from Ref. 9, and photoproduction o'A~/oD and oz, /oD data from Ref. 13 are
shown for comparison. The systematic error in the EMC data is + 1.5% at x = 0.35 and increases to + G%%uo for the
points at x= 0.05 and x= 0.65.

sumably higher-twist effects in the language of
QCD, may be important.
Figure 1(b) shows our recent measurements'

of oz,/crD in a similar Q' range, and the EMC da-
ta' at much higher Q'. Also shown a,re values'
for oc„/oD for (Q') = l.2 (GeV/c)' as well as oF, /
gD from photoproduction data. " These data from
heavier targets taken together also indicate that
at low Q' shadowing effects may cancel some of
the nuclear enhancement at low x. These addi-
tional Q'-dependent nuclear higher-twist effects,
like higher-twist effects in the nucleon, are ex-
pected to be small at large values of Q'. There-
fore, the extraction of AQcD from structure-func-
tion data taken with nuclear targets at high values
of Q' may not be affected by these terms.
We have performed a linear fit to the a„,/cD

ratios for our data in the range 0.2 & x & 0.6 [(Q')
= 5.35 (GeV/c)'] and obtain an intercept at x =0 of
1.11+0.02+ 0.023 (where the second error is sys-
tematic) and a slope of —0.30+ 0.06. A similar
fit to our crF, /crD results' [see Fig. 1(b)] over the
range 0.2 & x & 0.6 [(Q') =6.55 (GeV/c)'] yields an

intercept at x=0 of 1.15+0.04+0.011 and a slope
of -0.45~0.08. Our slope for steel is consistent
with the slope of —0.52 + 0.04+ 0.21 reported by
the EMC collaboration. ' The fitted slopes, which
axe not affected by overall normalization uncex
tainties, indicate that the nuclear distortions in
aluminum and steel exhibit a simila, r trend.
The understanding of the mechanisms responsi-

ble for the distortion of the structure functions of
nucleons bound in a large nucleus has been the
subject of several recent theoretical papers.
These include ideas such as six-quark bags, "
pions and quasipions in nuclei, "delta resonances
in nuclei, "diquark states, "a.nd percolation of
quarks from nucleon to nucleon in a large nucle-
us." The data indicate that there are three inter-
esting regions: (a) the low-x region where shad-
owing may be important at low Q', (b) the inter-
mediate-x region where quark distributions in nu-
clei become distorted, and (c) the high-x region
where Fermi motion is important. The theoreti-
cal understanding of these effects is still in a
very qualitative state and new experiments de-

536

Bodek et al, PRL 50, 1431 (1983) and PRL 51, 534 (1983)

SLAC re-analysis of old 
solid target data used 
for measurements of 
cryotarget wall 
backgrounds

àEffect for x>0.3 
confirmed
àNo large excess at 
very low x
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Subsequent Measurements

A program of dedicated 
measurements quickly 
followed

The resulting data is 
remarkably consistent 
over a large range of 
beam energies and 
measurement 
techniques
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EMC Effect 
Measurements

Laboratory/collabor
ation

Beam Energy
(GeV)

Targets Year

SLAC E139 e 8-24.5 D,4He, Be, C, Ca, Fe, Ag, Au 1994,1984

SLAC E140 e 3.75-19.5 D, Fe, Au 1992,1990

CERN NMC µ 90 6Li, 12C, 40Ca 1992

µ 200 D, 4He, C, Ca 1991, 1995

µ 200 Be, C, Al, Ca, Fe, Sn, Pb 1996

CERN BCDMS µ 200 D, Fe 1987

µ 280 D, N, Fe 1985

CERN EMC µ 100-280 D, Cu 1993

µ 280 D, C, Ca 1988

µ 100-280 D, C, Cu, Sn 1988

µ 280 H, D, Fe 1987

µ 100-280 D, Fe 1983

FNAL E665 µ 490 D, Xe 1992

µ 490 D, Xe 1992

DESY HERMES e 27 D, 3He, N, Kr 2000, 2003

Jefferson Lab e 6 D, 3He, 4He, Be, C, Cu, Au 2009, 2021

e 6 D, C, Cu, Au 2004 (thesis)

e 5 D, C, Al, Fe, Pb 2019

e 11 D, Be, 10B, 11B, C 2022

Since the original discovery 
in 1983, numerous 
measurements to explore 
properties of EMC Effect

à Wide range of beam 
energies: 5 GeV electrons 
to 490 GeV muons
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Measuring the EMC Effect: Muons vs. Electrons
Muon beam experiments (EMC, NMC, BCDMS, FNAL E665)

àEnergy scale ~ 100-500 GeV
àSecondary beams, relatively low intensity
àBeam energy determined event by event
àLarge acceptance devices required

Electron beam experiments (SLAC, HERMES, JLAB)

àEnergy scale 6-25 GeV
àWell defined beam energy, narrow dE
àIntense beams à higher statistics
àSmall acceptance devices often (but not always) used 
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New Muon CollaborationThe NewMuon Collaboration / Deep inelastic muon scattering 9

NMC SPECTROMETER (TOP VIEW)

P46 P45
/ P56 HI’

Movable II) /
Target Platform / P5B 838

V1.5 VI V2.1 V2 Wi W2 PSC

~igF~I~ ~J~D~ll~4
PUB PO~~ ~ / ~1\\H1H3~~3H~~

/ W4A 56\ P06 W6 W7
PV1 PVZ POD H1H -DV W4B W5B 84 85 H4’

BMS Beam momentum station
V1,V1.5,V3,V2.1~V2 Veto counters
BHA,BHB Beam hodoscopes
POA—E,PV1—2,P1—3,P4A—5C Proportional chambers
FSM Forward spectrometer magnet
W1-2,W4A-5B,W6-7 Drift chambers 0 0 S42 p
H1H,H1V,H3V,H3H,H4,lt5 Large angle fritter hodoscopes
Ht.H3~,H4’ Small angle trigger hodoscnpes
t-t2 ,-,adron calorimeter

LiIiI~II1 Iron absorbers I I I I
0 1 2 3 4 5 X (ml

Fig. 3. The spectrometer of the New Muon Collaboration. The beam calibration spectrometer is not
shown.

the observed J/~i and K° masses with their known values [14]. The estimated
uncertainty on this calibration is 0.2%.

3.4. THE MUON TRIGGERS

There were two triggers for scattered muons. Trigger Ti was sensitive to muons
scattered at angles larger than 10 mrad and the small angle trigger T2 selected
muons at angles between 3 and 15 mrad. The triggers were formed using fast
coincidence matrices [13] which required combinations of strips from the ho-
doscopes Hi, H3 and H4 for Ti (Hi’, H3’ and H4’ for T2) such that the triggering
particle was required to come from the target region. Combinations of strips which
were mainly populated by radiative events were inhibited. The hodoscopes H3 and
H4, and H3’ and H4’, were placed behind the iron absorber to remove hadrons
from the trigger. A second 40 cm thick iron absorber was placed in front of H4 and
H4’ to shield these hodoscopes from electromagnetic showers created in the beam
aperture through the hadron calorimeter and the first absorber wall. Beam halo
was removed from the trigger by anticoincidence with the veto counters, which
required that the incoming muon was within 3 cm of the beam axis at the position
of V2. The total trigger rates were a few hundred per 2 s beam spill.

P. Amaudruz et al: Nucl Phys. B 371 (1992) 3-31

NMC: next generation 
experiment at CERN, 
building on EMC

Large acceptance 
spectrometer with large 
array of tracking 
chambers 
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New Muon Collaboration

RAPID COMMUNICATION 

16 NMC CoUaboration/Nuclear Physics B 441 (1995) 12-30 
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Fig. 2. Kinematic regions covered by the physics triggers. 
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Fig. 3. Complementary target setup (see text). 

150 times during the whole run) substantially eliminated the effects of possible time 
dependences. The cross section ratio then depends only on the number of events N 
and the number of  nucleons T per unit area in the upstream (u) and downstream (d)  
targets: 

With this setup, two ratios were measured simultaneously: O'Li/OrD with the upstream 
targets and trc/O'D with the downstream ones. The targets had a similar number of 
interaction lengths for all materials, providing optimal statistical accuracy. In order that 
the acceptance for the heavy targets be the same as for the deuterium targets, the former 
were segmented to cover the same length. The liquid deuterium targets were 1 m long; 
the corresponding lithium ones consisted of three 13 cm long cylinders of  6Li kept in an 
argon atmosphere in plexiglas containers; the cylinders were equally spaced over a 1 m 
distance. Likewise the carbon targets consisted each of five uniformly spaced 2 cm thick 
disks in a dallite tube also distributed over a 1 m distance. The total target thicknesses 
were 17.7 g /cm 2, 17.4 g /cm 2 and 18.7 g /cm 2 for deuterium, lithium and carbon, 

M. Arneodo et al: Nucl. Phys. B 441 (1995) 12-30

Order 107 muons/s: 3 m long cryotargets à Luminosity~ 1032 cm-2 s-1

                                  
Normalization uncertainties for σ(A)/σ(D) à 0.4%
                                                 σ(A)/σ(C) à 0.2%

Target designed to minimize systematic uncertainties à excellent vertex resolution so several 
targets could be in beam simultaneously
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Jefferson Lab – Hall C

27m

Q1 Q2 Q3
Dipole

Moderate acceptance (6 msr) 
magnetic focusing spectrometer
à Excellent understanding
of acceptance and kinematics
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Jefferson Lab – Hall C

Order 5 1014 electrons/s: 4-10 cm long cryotargets à Luminosity~ 1038 cm-2 s-1

                                  
Normalization uncertainties for σ(A)/σ(D) à 1-2%

High current electron beam requires high power cryogenic targets
à Knowledge of the absolute target density sometimes challenging due to target boiling 
effects
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Nuclear dependence of structure functions
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à Sometimes there is an additional uncertainty estimated to account for the σàF2 
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Isoscalar Corrections
In the case of nuclei where N≠Z, need to remove the “trivial” change in nuclear cross section 
due to σn≠σp  
à Different experiments often use slightly different parameterizations/estimates for this 
correction

� 

F2
n

F2
p

Isoscalar correction 
applied to data

• SLAC param. (1-0.8x)
• CTEQ
• NMC fit

Au
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Properties of the EMC Effect

1. Universal x-dependence

EMC region

Antishadowing
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Shadowing
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x Dependence
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x Dependence
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Properties of the EMC Effect

1. Universal x-dependence

2. Little Q2 dependence*

EMC region

Antishadowing
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Q2 Dependence of the EMC Effect

49 MEASUREMENT OF THE A DEPENDENCE OF DEEP-. . . 4363

ranged from negligible (below 0.1%) up to about 10% in
the case of Au at x =0.8. We have assigned relative sys-
tematic uncertainties to the cross-section ratios due to
uncertainties in the values of o„/o~ at high x which
ranged from below O. l%%uo up to +0.7%%uo.
The ratios of cross sections per average isoscalar nu-

cleon for heavy targets compared to deuterium,
(o "/o );„aregiven in Table VII. The systematic errors
are itemized in Table VI. Since

&& Be & Fe(E140) ~ Fe(E139/BCDMS) o Au
o Al & Fe & Ca{E139/NMC)

0.01—
')'~(

0 f 1 ()

o'I, /o r = I (Ft /2xF i )[( I +4M x )/Q ]I —1

has been measured [47] to be independent of atomic
weight, the ratio of cross sections, o "/crd, is the same as
the ratio of structure functions, F2" /F2 and F,"/F, .

I I I I I I I ' I

1.0 ~—"—"—"—"- «L ~ ~ «« ~ ««« ~ ~ ~ ~ « ~ ~ IA 0 « ~ \ ~ ~ « ~ ~ «« ~ ~ ~ ~ $4

1. Q~ dependence

These ratios (cr "/o");, are shown in Fig. 12 as a func-
tion of Qs for Fe and Au. Also shown are data from the
BCDMS experiment [3]. There appears to be no
significant Q dependence across the entire kinematic
range. For each value of x, the SLAC data were fit with
the linear form C, (1+C&Q ). Figure 13 shows C& as a
function of x and indicates quantitatively that there is no
significant Q dependence. Also shown for Fe and Ca is
the slope obtained combining our data with that of
BCDMS [3] and the New Muon Collaboration (NMC)
[6], respectively, which also show no Q dependence.

—0.01—
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0«2
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I
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0«8

FIG. 13. Q dependence of (rr "/od);, at various values of x.
The slope parameter d(o "/cr~)/dQ~ is shown for the data for
this experiment for Be, Al, Fe, and Au. Also shown for Fe is
the slope from the SLAC E140 data [47] and the slope from the
data from this experiment (E139) and from BCDMS [3] com-
bined. For Ca the E139 and NMC [6] results have been com-
bined. Points at the same value of x have been slightly offset for
clarity.

2. x dependence

The cross-section ratios (o "/o );„averaged over Q,
are shown as a function of x in Fig. 14, where each point
corresponds to one spectrometer setting. The spectrome-
ter momentum-angle bite at each kinematic point was
also partitioned to obtain the ratios of cross sections per
nucleon in smaller ("fine") x bins. These ratios, averaged
over Q, are shown in Fig. 15 and Table VIII as functions
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FIG. 12. Solid circles show (cr "/o ~);, as a function of Q for
different x values for Fe and Au targets for this experiment.
The errors are statistical and point-to-point systematic added in
quadrature. The ratio is for a hypothetical isoscalar nucleus
with the same atomic number. The horizontal broken lines
represent the Q -averaged ratios. Also shown at large Q are
data from the BCDMS Collaboration [3]with total errors (open
circles).
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FIG. 14. Q~-averaged (cr "/o );, ratios for isoscalar nuclei as
a function of x. Data have been binned by single momentum-
angle bite of the spectrometer. The errors shown are the com-
bined statistical and point-to-point systematic errors. In addi-
tion, there is a target-to-target systematic error shown in Table
VII and an overall normalization of 1% dominated by the deu-
terium density.
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Fig. 13. The ratio F2(Fe)/F2(D ) as a function of Q2 at fixed values of x. The iron data are from ref. [2]. 

The systematic errors were calculated as follows. The assumption was made that 
none of the systematic errors cancel in taking the ratios of the structure functions. 
The systematic error was calculated by increasing sequentially the measured values 
of F 2 for iron by each of the systematic errors given in [2] and simultaneously 
decreasing F 2 for deuterium by each of the systematic errors given above. For each 
systematic error in turn the difference between the ratio of F 2 ( F e ) / F 2 ( D  ) from the 
central value was calculated. The total systematic error was then obtained by adding 

Aubert et al, Nucl. Phys. B293, 740 (1987)
Gomez et al, Phys. Rev. D 49, 4348 (1994)

EMC Q2=10-200 GeV2
Q2=1-10 GeV2

x=0.05

x=0.65
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Q2 Dependence of the EMC Effect

J. ARRINGTON et al. PHYSICAL REVIEW C 104, 065203 (2021)

FIG. 16. EMC ratios for C (top) and Cu and Fe (bottom) as a
function of Q2 at fixed x values as indicated in legend. For clarity,
an additive offset is applied along the y axis. Open symbols are
from updated SLAC E139 [16] results while the closed symbols
are E03103 values. Inner error bars show the combined statistical
and point-to-point systematic while the outer error bars represent
the total uncertainty including the normalization uncertainties. The
dashed lines indicate the values of W 2 = 2, 4 GeC2 for each x value.

Q2 dependence as a function of x. The carbon data have
additional Q2 values for E03103, due to the data taken us-
ing a lower beam energy, while the Cu data have more
high-Q2 data from the SLAC measurements. There is a fair
agreement with the SLAC data over the kinematic regions
where data are available, and clear deviations from a con-
stant ratio are visible below Q2 = 4 GeV2 and at large x
values.

B. x dependence of the ratios

We now examine the x dependence of the EMC ratios for
all of the targets from E03103, SLAC, and CLAS, including
Coulomb corrections and our updated isoscalar corrections.
We first discuss the cross-section ratios for C and 4He, as
these ratios have no isoscalar correction, and the Coulomb
distortion effects are small (<1%) for these nuclei. Figure 17
shows the cross-section ratios for 4He and 12C, along with the

FIG. 17. EMC ratios for 4He (a) and 12C (b) as a function of x for
the 40 degree results. Error bars show the combined statistical and
point-to-point systematic uncertainties. The solid error band denotes
the correlated uncertainty due to the size of the quasielastic tail in the
radiative corrections; overall normalization uncertainties are shown
in the parenthesis. Also shown are the updated SLAC E139 [16] and
NMC data [18,19]. The solid curves show the A dependent fit to the
EMC effect from Ref. [16].

updated SLAC E139 data and the NMC data [18,19]. Note that
the red curve is a global fit to the A dependence from SLAC
[16], which yields a smaller EMC effect for 4He than seen in
their data or our updated measurement. CLAS results [104]
are also shown for carbon. There is overall good agreement
between the data sets. Both the CLAS and E03103 results are
of high precision, with E03103 extending to larger x, although
at a lower W 2 than previous measurements.

Figure 18 shows the cross-section ratios for 3He and 9Be.
Both of these nuclei are light enough that the Coulomb
corrections are small, but require a proton (neutron) excess
correction to obtain the isoscalar EMC ratios (see Sec. III J).
The magnitude of this correction is significant for 3He,
ranging from about 5% to 15% for our kinematics. For
9Be, the correction is of the opposite sign and roughly a
factor of three smaller. The 3He EMC ratios exhibit the
general shape observed for the cross-section ratios for heavy
nuclei.

One can avoid the uncertainty associated with the isoscalar
correction, and thus better evaluate models of the EMC ef-
fect, by taking the ratio of 3He to (2H + 1H) which allows
comparisons to calculations that are independent of the neu-
tron structure function. These ratios are extracted for our
40 degree setting and shown in Fig. 19 (red squares), along
with the isoscalar-corrected 3He / 2H ratios (blue circles). The

065203-20

J. ARRINGTON et al. PHYSICAL REVIEW C 104, 065203 (2021)

FIG. 16. EMC ratios for C (top) and Cu and Fe (bottom) as a
function of Q2 at fixed x values as indicated in legend. For clarity,
an additive offset is applied along the y axis. Open symbols are
from updated SLAC E139 [16] results while the closed symbols
are E03103 values. Inner error bars show the combined statistical
and point-to-point systematic while the outer error bars represent
the total uncertainty including the normalization uncertainties. The
dashed lines indicate the values of W 2 = 2, 4 GeC2 for each x value.

Q2 dependence as a function of x. The carbon data have
additional Q2 values for E03103, due to the data taken us-
ing a lower beam energy, while the Cu data have more
high-Q2 data from the SLAC measurements. There is a fair
agreement with the SLAC data over the kinematic regions
where data are available, and clear deviations from a con-
stant ratio are visible below Q2 = 4 GeV2 and at large x
values.

B. x dependence of the ratios

We now examine the x dependence of the EMC ratios for
all of the targets from E03103, SLAC, and CLAS, including
Coulomb corrections and our updated isoscalar corrections.
We first discuss the cross-section ratios for C and 4He, as
these ratios have no isoscalar correction, and the Coulomb
distortion effects are small (<1%) for these nuclei. Figure 17
shows the cross-section ratios for 4He and 12C, along with the

FIG. 17. EMC ratios for 4He (a) and 12C (b) as a function of x for
the 40 degree results. Error bars show the combined statistical and
point-to-point systematic uncertainties. The solid error band denotes
the correlated uncertainty due to the size of the quasielastic tail in the
radiative corrections; overall normalization uncertainties are shown
in the parenthesis. Also shown are the updated SLAC E139 [16] and
NMC data [18,19]. The solid curves show the A dependent fit to the
EMC effect from Ref. [16].

updated SLAC E139 data and the NMC data [18,19]. Note that
the red curve is a global fit to the A dependence from SLAC
[16], which yields a smaller EMC effect for 4He than seen in
their data or our updated measurement. CLAS results [104]
are also shown for carbon. There is overall good agreement
between the data sets. Both the CLAS and E03103 results are
of high precision, with E03103 extending to larger x, although
at a lower W 2 than previous measurements.

Figure 18 shows the cross-section ratios for 3He and 9Be.
Both of these nuclei are light enough that the Coulomb
corrections are small, but require a proton (neutron) excess
correction to obtain the isoscalar EMC ratios (see Sec. III J).
The magnitude of this correction is significant for 3He,
ranging from about 5% to 15% for our kinematics. For
9Be, the correction is of the opposite sign and roughly a
factor of three smaller. The 3He EMC ratios exhibit the
general shape observed for the cross-section ratios for heavy
nuclei.

One can avoid the uncertainty associated with the isoscalar
correction, and thus better evaluate models of the EMC ef-
fect, by taking the ratio of 3He to (2H + 1H) which allows
comparisons to calculations that are independent of the neu-
tron structure function. These ratios are extracted for our
40 degree setting and shown in Fig. 19 (red squares), along
with the isoscalar-corrected 3He / 2H ratios (blue circles). The
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Carbon Copper/Iron

Very little Q2 dependence – even in the resonance region! (W2>2 GeV2, Q2>3 GeV2)

Arrington et al, Phys.Rev.C 104 (2021) 6, 065203
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(*) Q2 Dependence of Sn/C 
NMC Collaboration/Nuclear Physics B 481 (1996) 23-39 35 
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Fig. 4. Structure function ratios FSnllff2 as a function of Q2 in different x bins. The error bars give the 
statistical uncertainty. The solid lines represent the result of fits of the function FSn/lff2 = a + b In Q2 in each 
x bin, 

Our results are consistent with those of  previous measurements of  the Q2 dependence of  
F A1 /F  a~, which however had uncertainties larger than the size of  the presently observed 
effect [ 1 -5] .  

The main contributions to the systematic errors at small x are the uncertainties in the 
radiative corrections. These uncertainties were estimated by varying the input parameters 
to the radiative correction program, following the procedure outlined in Ref. [9] .  The 
inputs F~ and F2 c / F  D were varied between their lower and upper limits, including 
statistical and systematic uncertainties, while for the function R we used its systematic 
errors according to the parameterisation of  Ref. [ 18]. An alternative parametrisation of  
the nucleon form factor was taken from Ref. [ 19]. The quasielastic suppression factor 
for carbon was recalculated using the results of  Ref. [ 15], while for tin an uncertainty of  
20% was assumed. Finally, for the nuclear elastic form factors, the Fourier transform of 
the charge distribution was used for carbon [ 20] and for tin a generalised two-parameter 

Arneodo et al, Nucl. Phys. B 481, 23 (1996)

NMC measured non-zero Q2 
dependence in Sn/C ratio at 
small x

à This result is in some 
tension with other NMC 
C/D and HERMES Kr/D 
results 
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Properties of the EMC Effect

1. Universal x-dependence

2. Little Q2 dependence*

3. EMC effect increases with A
à Anti-shadowing region shows 

little nuclear dependence

EMC region

Antishadowing

Fe
rm

i m
ot

io
n

Shadowing
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A-Dependence of EMC Effect
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Fig. 8. Structure function ratios versus atomic weight  A at x = 0.0125, x = 0.045 and x = 0.175. The lines 
show the results o f  fits to the data with the function F2A/lff2 = cA ('~-1) . The errors shown are statistical only. 

(ii) 

(iii) 

the data using the function FA/F2 c = cA C"-]) was performed in each x bin. The 
continuous lines in Fig. 8 show the results of  the fits for three x bins. The fits 
describe the data satisfactorily. 
The small x data are not well described by a linear function of  the nuclear density, 
p, (Fig. 9) :  F A / F  c = f l  + 8 p ( A ) ,  where the nuclear density is given by p ( A )  = 
3A/4~R3e, with Re 2 = 5<r2)/3. The mean square charge radii of  the nuclei, (r2), 
were taken from Ref. [ 17], and the assumption was made that the nuclear density 
distribution and the charge distributions of  a nucleus are equal. 
Alternatively, one can assume that the nuclear effects are due to the local properties 
of  the nuclear medium [27] .  This leads to a dependence of  the nucleus cross 
section on a volume term (proportional to A) and a surface one (proportional 
to A2/3). The structure function ratios can then be parametrised as F A / F  c = 
a + bA -1/3. The result of  a fit of  this function to the data is shown as solid lines 
in Fig. 10. The small x results are not well described. A functional form including 
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Fig. 9. St ructure  funct ion ratios versus nuc lear  densi ty  p at x = 0 .0125,  x = 0 .045 and  x = 0 .175.  The solid 
lines show the result  o f  a fit to the data  with the funct ion FA/Ff2 = [3 + ~p(A).  The errors shown are 
statistical only. 

(iv) 

a higher order term proportional to A -2/3 yields a significant improvement of  the 
fit quality: the dashed line in Fig. 10 shows the result of  the fit using the function 
FA /F2 c = a + bA -1/3 + cA -2/3. Extrapolating the fitted functions to A = oo gives 
the nuclear matter to carbon structure function ratio, a, which is shown in Fig. I 1. 

A novel approach to nuclear shadowing has been recently proposed in Ref. [28] ,  
where a scaling variable n was introduced in terms of  which nuclear shadowing 
in deep inelastic scattering is universal, i.e. independent of  A, Q 2  and x. The 
scaling variable n is a measure of  the number of  gluons probed by the hadronic 
fluctuations of  the photon. For the numerical estimates of  n we used Eq. (5) of  
Ref. [28] .  Fig. 12 shows results on structure function ratios plotted as a function 
of  n in the range x < 0.07. It appears that within about 5% all the data scale with 
n .  

NMC: Arneodo et al, Nucl. Phys. B 481, 3 (1996)
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0.04—

0

I I I I I I I deuterium, 0.089 for He, 0.062 for Be, 0.089 for C, 0.106
for Al, 0.105 for Ca, 0.117 for Fe, 0.126 for Ag, and 0.147
for Au. As seen in Fig. 20, the ratio (o' "/o );, is linearly
dependent on the density over the entire region mea-
sured. The values of P(x) and d(x) are given in Table
IX. The average y per degree of freedom is about 0.8.

E).04—
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I l I & I

&.04
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FIG. 19. Atomic weight fit coef6cients as a function of x.
The a(x) coeScients from the parametrization
(cr "/cr~) =C(x)3 '"' are shown for (a) coarse x bins, and (b)1S

fine x bins. The fits include A =2. The curve is a nine-term po-
lynomial fit; see Eq. (9).

(a) x = 0.220

1.0

(tr "/tr ),,=d(x)[1+p(x}p(A)]. The average nuclear
density was given by p( A )=3& /4~&„
&, =5(r )/3. The quantity (r ) is the rms electron
scattering radius of the nucleus [48]. The values of p( & )
(in units of nucleons/fm ) used in the fits were 0.024 for

4. Effect in deuterium

Since the EMC effect is seen in cr '/0, it is possible
that even deuterium has nuclear effects beyond those ex-
pected from Fermi momentum. Frankfurt and Strikman
[49] suggested that the structure functions for nuclei di-
vided by that for nucleons differed from unity by an
amount proportional to the nuclear density. This implies

(F2/F2 )—1 p~
(11}(FA/FN) 1 A

A dwhere F2 =(FR+F2 )/2 for free nucleons and Ft and Ft
are per isoscalar nucleon. This leads to

F2 (F2"/F2 )—1
(12)—1+FN ( A/ 8)

The value of F~z/Fz averaged over all our measured A at
each value of x is plotted in Fig. 21 and listed in Table X.
Within the framework of this model, deuterium has a
significant EMC effect, especially in the region near
x -0.6. At the highest value of x, Fermi motion causes
Ft/Fz to increase, as expected. Within the context of
this model, the free neutron structure function can be ex-
tracted [49] from measurements on deuterium, hydrogen,
and heavy nuclei without resorting to Fermi smearing
models.
The free neutron cross section might also be extracted

by extending the nuclear density model and using only
heavy nuclear targets. The results using our data from
Be and C [50] are consistent with the other methods, but
have larger statistical errors.
In conclusion, the data are described equally well by a

parametrization in terms of nuclear weight or in terms of
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FIG. 20. Ratios (cr"/cr )- versus nuclear density at (a)

x =0.220 and (b) x =0.600. The solid lines represent the pa-
rametrization (cr"/od) =d( )[1xP(+)p(xA)]. The errors
shown include statistical, point-to-point systematic, and target-
to-target errors. The overall uncertainty due to the deuterium
target is included only at the A =2 point.

FIG. 21. Model-dependent value of F2/F2 extracted from
averaging over all measured targets assuming the validity of Eq.
(12). F& is the average of the free proton and neutron structure
functions. The combined statistical and systematic errors are
shown.
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1.0

I I I I I IIII I I I I lllll
x = 0.22

z Ab

( A =2}. The values of a(x) and C(x) are listed in Table
IX, and the former is plotted in Fig. 19. The y per de-
gree of freedom is (1. Also shown in Fig. 19 is the
empirical parametrization

o 0.9

1.0
(b)

I I IIIII I IIIIII
0.60

a(x)=—0.070+2. 189x—24.667x + 145.291x
—497.237x +1013.129x —1208.393x
+775.767x —205.872x (9)

0.9—
The fit values of C are close to unity everywhere and a
good empirical parametrization is

lnC(x}=0.017+0.018 lnx+0. 005(lnx ) (10)

0.8 I I I I I III I I I I I III
10 100

Nuclear Weight A

FIG. 18. Ratios (o "/0");, versus atomic weight A at (a)
x =0.220 and (b) x =0.600. The solid lines are a parametriza-
tion of the data in terms of (cr "/cr );,=C(x)A '"'. The errors
shown include statistical, point-to-point systematic, and target-
to-target errors. The overall uncertainty due to the deuterium
target is included only at the A =2 point.

These parametrizations also characterize the NMC data
on He, C, and Ca [6] and are only valid in the range
0.01(x&0.88.
The cross-section ratios can also be examined as a

function of nuclear density p as in Fig. 20 and Table IX.
Some models, described below, predict that the probabili-
ty of overlap of nucleons within the nucleus (which is
proportional to nuclear density) is related to the EMC
efFect. The Qs-averaged ratios (rr "1'o );, were
parametrized in terms of average nuclear density by

TABLE IX. Fit coeScients versus x. The coefBcients are from the fits (0 "/cr );,=C(x)A '"' and
(o "iver d);,=d(x) [1+p(x)p( A )] are shown for both coarse and fine x bins. The fits include A =2.

0.130
0.220
0.300
0.400
0.500
0.600
0.700
0.800

C(x)*6C(x)

0.997+0.009
0.998+0.007
1.001+0.008
0.99920.007
1.009+0.007
1.008+0.006
1.010+0.007
1.008%0.010

a(x)+5a(x)
Coarse x bins

0.010820.0034
0.0020%0.0025
0.000420.0026—0.0092+0.0022—0.0234+0.0022—0.0340+0.0020—0.0411+0.0022—0.0149+0.0041

d(x)+Sd(x)

0.994+0.011
0.998+0.010
1.001+0.011
1.002+0.010
1.016+0.010
1.019+0.009
1.022+0.010
1.011+0.011

p(x)&5p(x)

0.397+0.144
0.064+0.115
0.013+0.118—0.325+0.100—0.814+0.093—1.148+0.086—1.356+0.086—0.509+0.146

0.125
0.145
0.205
0.235
0.265
0.295
0.325
0.360
0.400
0.440
0.480
0.520
0.560
0.600
0.640
0.680
0.720
0.760
0.800
0.840
0.880

0.99220.009
1.002+0.010
0.997+0.008
1.000+0.009
1.007+0.010
0.999+0.008
1.002+0.009
1.004+0.009
0.998+0.007
1.008+0.008
1.006+0.008
1.012+0.008
1.011+0.007
1.010+0.007
1.016%0.008
1.017+0.008
1.017+0.009
1.02720.010
1.011%0.010
0.994%0.011
0.970+0.014

Fine x bins

0.0140+0.0036
0.0049+0.0047
0.0050+0.0029—0.0013+0.0031—0.002820.0042
0.0023+0.0028—0.0044+0.0037—0.0047+0.0030—0.010520.0024—0.0147+0.0029—0.0205+0.0025—0.0276+0.0025—0.0289+0.0025—0.0346+0.0023—0.0400+0.0025—0.0442%0.0027—0.0465+0.0030—0.0454+0.0036—0.0219+0.0048
0.0090+0.0079
0.0441+0.0147

0.988+0.011
0.999+0.012
0.997%0.011
1.000+0.011
1.004+0.012
0.999+0.011
1.004+0.011
1.005+0.011
1.001+0.010
1.013+0.011
1.013+0.010
1.020+0.010
1.020+0.010
1.021+0.010
1.025+0.010
1.027+0.010
1.026+0.011
1.034+0.011
1.015+0.012
0.995+0.014
0.964+0.019

0.507+0.152
0.204+0.189
0.172+0.131—0.044+0.131—0.041+0.166
0.069+0.125—0.160+0.143—0.171+0.122—0.367+0.103—0.530+0.114—0.714+0.103—0.937+0.099—0.984+0.097—1.171+0.092—1.302+0.093—1.427+0.097—1.479%0.101—1.430+0.115—0.734%0.163
0.255%0.304
1.551+0.684

SLAC E139: Gomez et al, PRD 49, 4348 (1992)

ρ=3A/4πRe3 Re2=5⟨r2⟩/3

<r2>=RMS electron scattering radius



33

Explaining the EMC Effect
• Plethora of models attempting to explain the EMC Effect
• “Conventional” nuclear physics not sufficient

– Fermi motion dominates at large x, but minimal impact elsewhere
– Binding effects small, nuclear pions ruled out by other measurements 

(Drell-Yan)
• Other models require more “exotic” effects

– Dynamical rescaling 
– Multiquark clusters à 6, 9, 12 .. quark configurations

• Newer models involve direct coupling of meson fields to quarks
• More recently, models connecting the EMC Effect to  “Short Range 

Correlations” under investigation 



34

Binding and Nuclear Pions

Benhar, Pandharipande, and Sick Phys. Lett. 
B410, 79 (1997)

• Start with a “realistic” description of nucleons in 
the nucleus
à Use a spectral function rather than simple 

Fermi gas
• Start with convolution picture

àAllow virtual photon to scatter from quarks in 
pions in the nucleus 

• Requires ad-hoc prescription for off-shell 
behavior of structure functions

• Fair agreement is achieved at large x – including nuclear pions improves agreement at lower x
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Multiquark Clusters
Multiquark cluster model assumes that, 
in nuclei, quarks may combine into 
clusters that include more than 3 
quarks

Nuclear structure function is a 
convolution over contribution from 
nucleons (F2N) and contribution from 6 
quark clusters (F26)

Requires F2N ≠ F26 to get EMC effect K.E. Lassila and U.P. Sakhatme
Phys. Lett. B209, 343 (1988)
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Volume 209, number 2,3 PHYSICS LETTERS B 4 August 1988 
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Fig. 1. Currently available data on the structure function ratio R ( A / D )  plotted as a function ofx.  (The three lowest data points of  ref. 
[ 1 ] are not shown since they were subsequently re-determined more precisely in ref. [ 4 ]. ) The curves correspond to quark cluster model 
calculations made with various choices of  parton structure functions in 6q clusters, defined in eq. ( 1 ), (A) a6= 11, b6=9; (B) a6= 11, 
b6= 10; (C) a6= 13, b6= 10. 

the trends in nucleon and pion structure function 
data. 

2. The quark cluster model 

This approach, pioneered by Pirner and Vary [ 8 ], 
is a totally parton level treatment of the behavior of 
quarks (q) and gluons (g) in the nucleus. These au- 
thors showed that electron scattering data on 3He 
could not be explained by conventional nuclear phys- 
ics calculated from the Fadeev equations. Such exact 
calculations yield wave functions from which Fermi 
motion effects can be determined unambiguously and 
from which the probability of finding two 3q systems 
(i.e., two nucleons) close enough to form a 6q color 
singlet cluster can be deduced. The success of the 
quark cluster model in explaining the 3He data arose 
mainly from the fact that a quark in a six quark bag 
has the possibility of carrying all the momentum of 
two nucleons so its momentum fraction distribution 
runs to a maximum value of 2 rather than a maxi- 
mum of 1 in a nucleon, thus providing required high 
momentum components. 

Soon after the EMC effect was discovered, Carlson 

and Havens [9 ] recognized that the QCM provided 
a natural framework for treating deep inelastic scat- 
tering on nuclei and an explanation was attempted 
with the old data [ 1 ]. The inputs in the calculations 
are (i) structure functions of valence and ocean 
quarks in nucleons and multiquark clusters; (ii) the 
probability of finding clusters in nuclei. Guided by 
recent data on nucleon and pion structure functions 
[10], we are now able to give improved and more 
plausible parametrizations of cluster structure func- 
tions. Also, the probability for the occurrence of clus- 
ters in nuclei has been recently studied in detail and 
its variation with the nucleon number A has been cal- 
culated [ 11 ]. Both these improvements are incorpo- 
rated into our analysis. 

3. Parton structure functions 

Consider a multiquark cluster with N valence u, d 
quarks. We take the valence and ocean quark distri- 
butions in such clusters to have standard forms with 
the argument z as the fraction of the full momentum 
carried by a given quark or antiquark in the N-quark 
cluster (0~<z~ 1 ), 

344 
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Quark-Meson Coupling Model

channel we include scalar, pseudoscalar, and vector com-
ponents and in the qq channel we have the scalar and axial-
vector diquarks. The scalar q !q interaction term generates
the scalar field, that is, the constituent quark mass M
(vacuum value M0) via the gap equation. The vector q !q
interaction will be used to generate the vector field in-
medium. The qq interaction terms give the diquark t
matrices whose poles correspond to the masses of the
scalar and axial-vector diquarks. The nucleon vertex func-
tion and mass, MN , are obtained by solving the homoge-
neous Faddeev equation for a quark and a diquark [15].
Because we need to solve this equation many times to
obtain self-consistency, we approximate the quark ex-
change kernel by a momentum independent form (static
approximation). This necessitates the introduction of an
additional parameter, c, as explained in Ref. [10].

To calculate the mean scalar and vector fields, we need
the equation of state for nuclear matter. This can be rigor-
ously derived for any NJL Lagrangian using hadronization
techniques, but in a simple mean-field approximation the
result for the energy density has the following form [10]:

E ! EV " V2
0

4G!
# 4

Z d3p
$2!%3 "$pF " j ~pj%"p; (8)

where "p !
!!!!!!!!!!!!!!!!!!!!

~p2 #M2
N

q

# 3V0 and the vacuum term EV
has the familiar ‘‘Mexican hat’’ shape.

The parameters of the model are #IR, #UV, M0, c, G!,
Gs, Ga, and G!, where #IR and #UV are the infrared and
ultraviolet cutoffs used in the proper-time regularization.
The infrared scale is expected to be of the order #QCD and
we set it to #IR ! 0:28 GeV. We also choose the free
constituent quark mass to be M0 ! 400 MeV [21] and
use this constraint to fix the static parameter, c. The re-
maining six parameters are fixed by requiring f! !
93 MeV,m! ! 140 MeV,MN ! 940 MeV, the saturation
point of nuclear matter $"B; EB% ! $0:17fm"3; 15:7 MeV%,
and lastly the Bjorken sum rule at zero density to be
satisfied, with gA ! 1:267. We obtain #UV ! 0:66 GeV,
c ! 0:95 GeV, G! ! 17:81 GeV"2, Gs ! 8:41 GeV"2,
Ga ! 1:36 GeV"2, and G! ! 5:58 GeV"2.

With these model parameters the diquark masses at zero
density are Ms ! 0:65 GeV and Ma ! 1:2 GeV and vec-
tor field strength is V0 ! 0:044 GeV. At saturation density
the effective masses become M& ! 0:32 GeV, M&

s !
0:52 GeV, M&

a ! 1:1 GeV, and M&
N ! 0:75 GeV.

The results for the u and d spin-dependent quark dis-
tributions, at the model scale, are presented in Fig. 2. There
are four curves for each quark flavor, representing the
different stages leading to the full nuclear matter result.

Using these quark distributions we are able to construct
the structure functions, g1p and gA1p, where the superscript
A represents a structure function in the nuclear medium.
Analogous results for the spin-independent quark distribu-
tions [15] allow us to determine the isoscalar structure

functions F2N and FA2N , and hence determine the EMC
effect. Evolving [22] these distributions to a scale of
10 GeV2, we give in Fig. 3 our results for the ratios
FA2N=F2N and gA1p=g1p, that is, the EMC and the polarized
EMC effect. In the valence quark region, the model is able
to reproduce the spin-independent EMC data extremely
well. For the polarized ratio we find a significant effect,
of the order twice the size of the unpolarized EMC effect.

The nuclear quenching effects on the individual quark
flavors is presented in Fig. 4. We find that the effect on both
the u and d distributions is large and approximately equal

FIG. 2 (color online). Spin-dependent quark distributions, $uv
and $dv, at the model scale, Q2

0 ! 0:16 GeV2. There are four
curves for each quark flavor, with the positive curves represent-
ing the up distributions. The dotted line is the free nucleon
distribution, the dot-dashed line illustrates the effect of replacing
the free masses with the effective ones. This distribution con-
voluted with the Fermi smearing function, Eq. (3), is presented
as the dashed line, and the final result where the vector field is
also included via the scale transformation, Eq. (4), is represented
by the solid line.

FIG. 3 (color online). Ratios of the spin-independent and spin-
dependent nuclear to nucleon structure functions at nuclear
matter density. The top curve is the usual EMC ratio FA2N=F2N ,
where F2N is the isoscalar structure function and the superscript
A represents the in-medium result. The EMC data for nuclear
matter are taken from Ref. [23]. Our prediction for the polarized
EMC effect, gA1p=g1p, is the lower curve.

PRL 95, 052302 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
29 JULY 2005

052302-3

Cloët, Bentz, and Thomas, PRL 95, 052302 (2005)

Quark-meson coupling model 
describes nuclei in terms of quark 
interactions with (scalar and vector) 
meson fields 
àGuichon, Stone, Thomas, PPNP 

100, 262-297, 2018

Calculations using NJL model (similar 
properties as QMC) give good 
description of unpolarized EMC Effect
à Also predict EMC effect for polarized 
nucleons
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Isolating the Physics of Interest
S.A. Kulagin, R. Petti / Nuclear Physics A 765 (2006) 126–187 161

Fig. 3. Different nuclear effects on the ratio of 197Au to isoscalar nucleon for F2 at Q2 = 10 GeV2. The labels on the
curves correspond to effects due to Fermi motion and nuclear binding (FMB), off-shell correction (OS), nuclear pion
excess (PI) and coherent nuclear processes (NS). Target mass and the neutron excess corrections are included.

Fig. 3 illustrates different nuclear corrections to the ratio of F2 of 197Au to that of the isoscalar
nucleon FN

2 = 1
2 (F

p
2 + Fn

2 ) calculated in our model using the final parameters shown in the
last line of Table 2. As follows from comparison of Fig. 3 and the results of our fit displayed in
Figs. 1 and 2 the standard Fermi motion and nuclear binding effect treated in impulse approxima-
tion does not quantitatively explain data at large x. The off-shell effect is therefore an important
correction which modifies the structure functions of bound nucleon and affects the slope and
the magnitude of the ratio R2 at large x. As discussed above, we extract this correction from
inclusive nuclear DIS data. The disscussion of off-shell correction in terms of a scale charac-
terizing valence quark distribution and its modification in nuclear environment is presented in
Section 6.3.

5.7.3. Systematic uncertainties
Systematic uncertainties of the model are evaluated by varying each of the contributions from

the deuterium wave function, the spectral function, the parton distributions, the pion structure
function and the functional forms of δf2(x) and σ̄T (Q2). New fits are then performed and sys-
tematics are defined from the corresponding variation of the nuclear parameters and from the
global χ2 values. Results are listed in Table 4.
Although we do not use directly deuterium data for the fits, most of the data points come from

the ratios R2 of a heavy target to deuterium. In order to study the sensitivity of our result to the
choice of the deuteron wave function we performed independent fits with two different choices
of the deuteron wave function: the one which corresponds to the Bonn potential [62] and the
Paris wave function [63]. These two wave functions have different high-momentum component
and in this respect represent two extreme situations.

“Conventional” nuclear effects play non-trivial role 
in DIS target ratios

Kulagin and Petti performed calculations including 
these effects to attempt to isolate the interesting 
effects

Calculations included:
1. Fermi motion and binding w/realistic nucleon 

distributions (FMB) à large x
2. Nuclear pion excess (PI) à antishadowing
3. Coherent nuclear processes (NS) à low x
4. Off-shell correction to structure function (OS)

Nucl.Phys.A 765 (2006) 126-187 
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Isolating the Physics of Interest
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ωf2(x) = CN (x→ x1)(x→ x0)(h→ x)

The interesting physics is encoded in the off-shell 
correction to the F2 structure function

CN = normalization parameter
0<x1<x0<1
h>1

S.A. Kulagin, R. Petti / Nuclear Physics A 765 (2006) 126–187 163

Fig. 4. Off-shell function δf2(x) and effective cross section σ̄T (Q2) corresponding to the parameters from Table 2. The
curves show the size of the uncertainty bands (±1σ ), including both statistical and systematic (Table 4) uncertainties.
The effect of different functional forms is also included, as explained in Section 5.7.3.

to nuclear wave and spectral functions (see discussion in Section 4.1.1) that would also affect the
treatment of “standard” FMB effect. This goes beyond the scope of the present analysis. We
also note that our phenomenological function δf2 is extracted from nuclear data and hence it
effectively incorporates additional contributions from missing terms.
The final results are dominated by systematic uncertainties, as can be seen from Tables 2 and 4.

However, we note that the magnitude of systematic uncertainties is constrained by the value of
χ2 of a global fit to data, as explained above. Therefore, the availability of more accurate (or
with wider coverage of kinematics and nuclei) experimental measurements would significantly
improve our results.

6. Discussion

We now discuss the results obtained from our fit to nuclear data in Section 5.7. In Section 6.1
we address the problem of the normalization of the nuclear valence quark distribution and Sec-
tion 6.2 is focused on the implication of this constraint for our analysis. Section 6.4 is devoted to
the Q2 and A dependence of nuclear effects predicted by our model. In Section 6.5 we discuss
nuclear effects on the deuteron structure functions.

6.1. Nuclear valence quark number

It is instructive to study the contributions due to different nuclear effects to the normalization
of valence quark distribution in a nucleus. Common wisdom is that this quantity should not be

Surprisingly, a single set of parameters works pretty 
well for most nuclei

Successful parametrization and interesting approach, 
but this does not provide fundamental information 
about the origins of the EMC effect

<latexit sha1_base64="dwOHMt6b9ql9p8EfaTmhDozbYPM="></latexit>
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40+ Years of the EMC Effect
• No clear consensus on origin of EMC Effect

– Conventional nuclear physics contributions can be handled with more 
precision, but still cannot explain whole effect

– Testing models challenging – only a few observables (Inclusive DIS and 
Drell-Yan)

• Settling the question of the origin of the EMC effect requires new information
– New ways of looking at existing data
– Explore effect for wider range of nuclei (different A, n/p ratios..)
– New experimental avenues beyond inclusive DIS cross sections are likely 

required
• Information from JLab has helped provide some direction, but more 

information needed!
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EMC Effect Measurements at Large x
SLAC E139

SLAC E139 provided the most extensive 
and precise data set for x>0.2

Measured σA/σD for  A=4 to 197
à 4He, 9Be, C, 27Al, 40Ca, 56Fe, 108Ag, 
and 197Au
à Best determination of the A 
dependence
à Verified that the x dependence was 
roughly constant

Building on the SLAC data
à Higher precision data for 4He
à Addition of 3He 
à Precision data at large x
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Nuclear Dependence of the EMC Effect
SLAC E139 studied the nuclear dependence 
of the EMC Effect at 
fixed x

Results consistent with
àSimple logarithmic A dependence
àAverage nuclear density* 

*uniform sphere with radius Re,
Re

2 = 5/3 <r2>  à charge radius of nucleus

Many models of the EMC effect either 
implicitly or explicitly assume the size of the 
EMC effect scales with average nuclear 
density
à Constraining form of nuclear dependence 
can confirm or rule out this assumption

x=0.6

4He

Gomez et al, PRD 49, 4348 (1994)

Density-
dependence

A-dependence
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Exploring the EMC Effect at Jefferson Lab

A B C

D

High intensity electron beam and improved 
target technology provides excellent 
opportunity for studying EMC Effect

àOriginally, max beam energy = 6 GeV, 
limited kinematic reach

àUpgrade to 12 GeV provided wider access 
to the DIS region

Unexpected results from the 6 GeV program 
have motivated a significant number of 
experiments at 12 GeV 
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JLab E03103 and the Nuclear Dependence of the EMC 
Effect

Normalization (1.6%)

x

R
EM

C
=(

F 2A /
F 2D )

/(A
/2

)

|dREMC/dx|=0.280 +/- 0.028

0.9

1

1.1

0.3 0.4 0.5 0.6 0.7 0.8 0.9

New definition of “size” of the 
EMC effect

àSlope of line fit from x=0.35 to 
0.7

Assumes shape is universal for 
all nuclei

àNormalization uncertainties a 
much smaller relative contribution

Carbon
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JLab (Hall C) Measurements on Light Nuclei (6 GeV)
J. Seely, et al., PRL103, 202301 (2009)

JLab E03103 goal: 
More information on nuclear 
dependence à emphasis on light 
nuclei: 
3He, 4He, Be, C

à New definition of size of EMC 
effect: 
|dR/dx| for 0.35<x<0.7

à 3He, 4He, C, EMC effect scales 
well with density

Scaled nuclear density =  (A-1)/A <r>
à remove contribution from struck nucleon

<r> from ab initio few-body calculations
à [S.C. Pieper and R.B. Wiringa, Ann. Rev. 
Nucl. Part. Sci 51, 53 (2001)]
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JLab (Hall C) Measurements on Light Nuclei (6 GeV)
J. Seely, et al., PRL103, 202301 (2009)

JLab E03103 goal: 
More information on nuclear 
dependence à emphasis on light 
nuclei: 
3He, 4He, Be, C

à New definition of size of EMC 
effect: 
|dR/dx| for 0.35<x<0.7

à 3He, 4He, C, EMC effect scales 
well with density – Be does not!

Scaled nuclear density =  (A-1)/A <r>
à remove contribution from struck nucleon

<r> from ab initio few-body calculations
à [S.C. Pieper and R.B. Wiringa, Ann. Rev. 
Nucl. Part. Sci 51, 53 (2001)]
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Improved Precision via New Observable

Key to observation of “local density” 
dependence is modified definition of 
size of EMC Effect*

àNuclear dependence of EMC effect 
typically examined at fixed x

àUse of dR/dx greatly reduced 
sensitivity to normalization 
uncertainties

EMC effect ~ 10% deviation from 1.0
Normalization uncertainties ~ 1-2%

x=0.6

Scaled nuclear density (fm-3)

1.
0-
σ

A
/σ

D

0

0.05

0.1

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

2H
3He

9Be

4He

12C

*Full disclosure: I was initially skeptical of this approach
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EMC Effect and Local Nuclear Density
9Be has low average density

à Large component of structure is 2α+n  
à Most nucleons in tight, α-like configurations 

EMC effect driven by local rather than average 
nuclear density  

Can this “local density” picture be tied to 
other observables?
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Local Density à Short Range Correlations

Fermi gas, or other mean field models 
incomplete

(e,e’p) data for knockout of protons with 
momenta lower than “Fermi” momentum 
indicates significant missing strength

What drives high “local” density in the nucleus?

In simple models of the nucleus (Fermi 
gas), all nucleons experience basically 
the same local environment

L. Lapikas, Nucl. Phys. A553 (1993) 297
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Local Density à Short-Range Correlations
What drives high “local” density in the nucleus?

Tensor interaction and short-range repulsive core lead to high 
momentum tail in nuclear wave function à correlated nucleons
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Measuring Short Range Correlations
e-

e-

MA
M*A-1

QES
W2=Mn2

High momentum nucleons in the nucleus can be accessed using quasi-
elastic scattering
à At quasi-elastic peak (x=1), all parts of the nucleon momentum 
distribution contribute

à At x>1, we can access  higher 
momentum components, if we 
go to large enough Q2

Figure courtesy N. Fomin, after Frankfurt, Sargsian, 
and Strikman, Int.J.Mod.Phys. A23 (2008) 2991-3055
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Measuring Short-Range Correlations

� 

2
A
σA

σD

= a2(A) 1.4<x<2 => 2 nucleon correlation

2.4<x<3 => 3 nucleon correlation

2N SRC
3N SRC

• High momentum nucleons in the nucleus can be accessed using quasi-elastic scattering
• To measure the (relative) probability of finding a correlated pair, ratios of heavy to light nuclei 

are taken at x>1 à QE scattering
• If high momentum nucleons in nuclei come from correlated pairs, ratio of A/D should show a 

plateau
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Short Range Correlations – np Dominance

Conclusion: High 
momentum nucleons are 
dominated by np pairs

Missing Momentum [GeV/c]
0.3 0.4 0.5 0.6

SR
C

 P
ai

r F
ra

ct
io

n 
(%

)
10

210

C(e,e’p) ] /212C(e,e’pp) /12pp/2N from [

C(e,e’p)12C(e,e’pn) /12np/2N from 

C(p,2p)12C(p,2pn) /12np/2N from 

C(e,e’pn) ] /212C(e,e’pp) /12pp/np from [

96 +/- 22%

9.5 +/- 2%

Subedi, et al, Science 
320, 1476 (2008)

Shneor, et al, PRL 
99, 072501 (2007)

SRCs can be studied in more detail via triple-coincidence reactions
à Electron knocks out high momentum proton from carbon nucleus
à “Partner” backward-going proton or neutron also detected 
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Nuclear Dependence of SRCs

N. Fomin et al,  Phys.Rev.Lett. 108 (2012) 092502 JLab also data on A/D ratios at x>1 at 6 GeV
a2 ratios for: 
àAdditional nuclei (Cu, Be, Au)
àHigher precision for targets with already 
existing ratios 

à  Relative probability to find SRC 
shows similar dependence on nuclear 
density as EMC effect
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Nuclear Dependence of SRCs and the EMC Effect

SRCEMC

à  Relative probability to find SRC shows similar dependence on nuclear density as 
EMC effect!
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EMC Effect and Short-Range Correlations

(A/d)2a
0 1 2 3 4 5 6

/d
x

EM
C

-d
R
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 / ndf 2�  4.895 / 5

p0        0.003869± -0.08426 
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 / ndf 2�  4.895 / 5

p0        0.003869± -0.08426 

d

He3

He4
Be9

C12 Fe56

Au197

O. Hen et al, Phys.Rev. C85 (2012) 047301 

Weinstein et al  first observed linear 
correlation between size of EMC effect and 
Short-Range Correlation “plateau” using 
EMC and older SRC data

Correlation strengthened with addition of 
JLab 6 GeV SRC (beryllium) data

This result provides a quantitative test of level of correlation 
between the two effects, but does not provide a microscopic 
explanation for EMC Effect
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Summary: Part 1
• Discovery of the EMC Effect was perhaps the first indication of the relevance 

of quark degrees of freedom in the nucleus
• Significant experimental and theoretical effort over the last 40+ years

– Still so consensus on origin!
• “Conventional” nuclear effects (Fermi motion, binding, nuclear pions) are 

insufficient to explain the EMC Effect
• Observation of correlation with SRCs has generated a lot of excitement

– Are there testable predictions/observables in this picture?


