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Outline
• Overview of the EMC Effect

– Models
– Pre-JLab data/observations 

• Recent experimental results
– Local density dependence, connection to Short Range Correlations
– Additional information from more inclusive measurements?

• Connection to RA-RD
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The EMC Effect – F2 in the Nucleus

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

Discovery of the modification of F2(x) in 1983 demonstrated that quark 
distributions are modified in the nucleus
à This suggests some new, unexplained dynamics at play in nuclear 
environment

Bodek et al, PRL 50, 1431 (1983) and PRL 51, 534 (1983)
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Origins of the EMC Effect
• Not just “nuclear physics” – explanations that include Fermi 

motion/convolution formalism, binding inadequate on their own
– Would require the introduction of some off-shell effect (unknown origin)
– Large effects from ”nuclear pions” ruled out by Drell-Yan measurements

• Other explanations
– Dynamical rescaling 
– Multiquark clusters à 6, 9, 12 .. quark configurations
– Quark-meson coupling coupling 
– Connection to SRCs? à Nucleon virtuality (see off-shell effects above), or 

signature of local-density effects?

F2
A (x,Q2 ) = F2

N (x,ξA (Q
2 ) ⋅Q2 )
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Laboratory/collabor
ation

Beam Energy
(GeV)

Target 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

Measurements 
of the EMC 
Effect
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Properties of the EMC Effect

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

Nuclear dependence one 
(best?) way to explore 
origins, test models
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Nuclear Dependence of EMC Effect

J. Gomez, et al, Phys.Rev. D49 (1994) 4348-4372

SLAC E139

SLAC E139 explored detailed nuclear 
dependence to gain new insight to 
EMC Effect

Provided the most extensive and 
precise data set for x>0.2

Measured sA/sD for  A=4 to 197

à 4He, 9Be, C, 27Al, 40Ca, 56Fe, 108Ag, 
and 197Au

àVerified that the x dependence was 
roughly constant
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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.
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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

0 0.9
0
1.0

0.9

(b) 0.600

1.04—

1.02—
Zo!

~.00—
ON
U

0.98—

I
l I

0.8
0.05 0.10

Nuclear Density
0.15

0.96—
I i I

0.2 0.4
I

0.6
I

0.8 1.0
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.

Nuclear Dependence of EMC Effect

SLAC E139 explored detailed nuclear 
dependence to gain new insight to 
EMC Effect

Provided the most extensive and 
precise data set for x>0.2

Measured sA/sD for  A=4 to 197

à 4He, 9Be, C, 27Al, 40Ca, 56Fe, 108Ag, 
and 197Au

àVerified that the x dependence was 
roughly constant
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( 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
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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)
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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

A-dependence

E139 results consistent with both A and 
density dependent pictures
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EMC Effect and Local Nuclear Density
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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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 
confirmed with other/additional nuclei?



11

EMC Effect and Local Nuclear Density
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Karki et al, arXiv:2207.03850 [nucl-ex]

New data on 10B and 11B à Hall C, 2018 
taken as part of SHMS ”commissioning 
experiments” group 

EMC Effect for 10B and 11B similar to 9Be 
and 12C
à 10B and 11B structure also has 
significant a cluster contribution

Ratio of 9Be, 10B, 11B relative to 12C 
provides more precise A-dependence for 
A=9-12 
à Small difference between 9Be and 12C 
now more apparent
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EMC Effect and Local Nuclear Density
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Can we try to quantify “local nuclear 
density” more precisely?

<latexit sha1_base64="36apLHiDb2xlBfwF8GbsKrZcowg=">AAACGHicbVC7TsMwFHV4lvIqMLJYVEiwlIT3glTBwlRAorRS00aO67QWjhPZN0hR1M9g4VdYGECItRt/g1M6QOFIlo/PPVfX9/ix4Bps+9Oamp6ZnZsvLBQXl5ZXVktr63c6ShRldRqJSDV9opngktWBg2DNWDES+oI1/PuLvN54YErzSN5CGrN2SHqSB5wSMJJX2rvyslptgM+wyyV4dsdcAaS4saN2sav6kbffyQ35s9s5UF6pbFfsEfBf4oxJGY1x7ZWGbjeiScgkUEG0bjl2DO2MKOBUsEHRTTSLCb0nPdYyVJKQ6XY2WmyAt43SxUGkzJGAR+rPjoyEWqehb5whgb6erOXif7VWAsFpO+MyToBJ+j0oSASGCOcp4S5XjIJIDSFUcfNXTPtEEQomy6IJwZlc+S+52684x5Wjm8Ny9XwcRwFtoi20gxx0gqroEl2jOqLoET2jV/RmPVkv1rv18W2dssY9G+gXrOEXfOeeMA==</latexit>

ONN =

Z 1

0
W (r)⇢NN

2 (r)d3r

2N distributionCutoff function

<latexit sha1_base64="ZEG6N0Ru2hElgiaiGzqhw3uLYvc="></latexit>

hON i = Z�pOp +N�nOn

Z�p +N�n

Effective 2N -overlap

<latexit sha1_base64="UM2bqYyygNrIwb6EsZvVIgVK7QA=">AAACFXicbZDLSsNAFIYn9VbrLerSzWARXGhJxNuyXhautIK9QBPCZDpph04mYWYilNCXcOOruHGhiFvBnW/jNM1C2/4w8PGfczhzfj9mVCrL+jEKc/MLi0vF5dLK6tr6hrm51ZBRIjCp44hFouUjSRjlpK6oYqQVC4JCn5Gm378a1ZuPREga8Qc1iIkboi6nAcVIacszDxyGeJcReOfdQkdk7F3Aw1n2tWeWrYqVCU6DnUMZ5Kp55rfTiXASEq4wQ1K2bStWboqEopiRYclJJIkR7qMuaWvkKCTSTbOrhnBPOx0YREI/rmDm/p1IUSjlIPR1Z4hUT07WRuasWjtRwbmbUh4ninA8XhQkDKoIjiKCHSoIVmygAWFB9V8h7iGBsNJBlnQI9uTJ09A4qtinlZP743L1Mo+jCHbALtgHNjgDVXADaqAOMHgCL+ANvBvPxqvxYXyOWwtGPrMN/sn4+gVpeZ29</latexit>

hON iA � hON iDRelative to deuterium:
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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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Accessing Short Range Correlations

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

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

e-
e-

MA
M*A-1

QES
W2=Mn2

à At x>1, we can access  
higher momentum 
components, if we go to 
large enough Q2
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Measuring Short Range Correlations
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 
(assumes FSIs cancel, etc.)

� 

2
A
σA

σD

= a2(A)

1.4<x<2 => 2 nucleon correlation

2.4<x<3 => 3 nucleon correlation

2N SRC
3N SRC
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EMC Effect and Correlated Nucleons

np/4

pp

4He 2-body density 

If EMC effect due to high virtuality, EMC effect driven by contributions from np-pairs

à If EMC effect from local density, np/pp/nn pairs all contribute (roughly) equally

High momentum nucleons from SRCs emerge 
from tensor part of NN interaction – np pairs 
dominate

à Probability to find 2 nucleons “close” together 
nearly the same for np, nn, pp

For r12 < 1.7 fm: 

S.C. Pieper and R.B. Wiringa, Ann. 
Rev. Nucl. Part. Sci 51, 53 (2001)
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Nuclear Dependence of EMC and SRCs

Detailed study of nuclear dependence of EMC effect and SRCs does not favor either picture
Can we distinguish between these two pictures?

High virtuality Local density

a2 ~ number of high momentum nucleons R2N ~ number of nucleons “close” together

Arrington et al, PRC 86, 065204 (2012)
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Describing the EMC Effect with SRCs
One can model the EMC effect using contributions from unmodified (mean field nucleons) and modified 
nucleons in SRCs

FA
2 =

�
Z � nA

SRC

�
F p
2 +

�
N � nA

SRC

�
Fn
2 + nA

SRC

�
F p⇤
2 + Fn⇤

2

�

= ZF p
2 +NFn

2 + nA
SRC (�F p

2 +�Fn
2 )

<latexit sha1_base64="H3+C3tdpMslNdFnmSq6vrfDeHGM="></latexit>

à Existing EMC data can be described by universal function

Schmookler et. al., Nature 566 (2019) no.7744, 354-358

In this picture np pairs 
dominate
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Describing the EMC Effect with SRCs
àUniversal function (from a2) not unique
àAlternate universal function based on R2N also works well

F HV
univ =

(! A / ! D ) ! (Z ! N ) F p
2

F n
2

! N

(A/ 2)a2 ! N
<latexit sha1_base64="6w33+JsCiNIjvYKJHXF54wL6imU="></latexit>

F LD
univ =

REMC ! 1

R2N
A (A ! 1)

2ZN ! 1
<latexit sha1_base64="7BUXbKt1EiSjsSF8be7P2nGqayo="></latexit>

Arrington and Fomin Phys. Rev. Lett. 123 (2019) no.4, 042501

Local density
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Further Inclusive Studies of the EMC Effect
EMC effect has been studied extensively – what more can we learn via 
inclusive electron scattering?

àAdditional light and heavy nuclei
àLight nuclei allow use of “exact” nuclear wave functions
àExplore EMC-SRC connection via A dependence at ~ fixed N/Z, 

N/Z dependence at ~ fixed A 
àFlavor dependence: Is EMC effect different for up and down quarks? 
à See Rakitha Beminiwattha’s talk from Tuesday 

àPolarized EMC Effect
àNuclear dependence of R
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JLab E12-10-008: More detailed study of Nuclear 
Dependence

Spokespersons: J. Arrington, A. Daniel, N. Fomin, D. Gaskell 

J. Seely, et al., PRL 103, 202301 (2009)

E03-103: EMC at 6 GeV
àFocused on light nuclei
à Large EMC effect for 9Be
àLocal density/cluster effects?

E12-10-008: EMC effect at 12 GeV 
àHigher Q2, expanded range in x (both low and high x) 
àLight nuclei include 1H, 2H, 3He, 4He, 6Li, 7Li, 9Be, 10B, 11B, 12C
àHeavy nuclei include 40Ca, 48Ca and Cu and additional heavy nuclei of 

particular interest for EMC-SRC correlation studies
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JLab: E12-10-008 (EMC) and E12-06-105 (x>1) –
Exploring the EMC-SRC Connection

1H
2H
3He
4He

6,7Li
9Be
10,11B
12C

27Al
40*,48Ca
48Ti
54Fe
58,64Ni

64*Cu
108*Ag
119*Sn
197*Au
232Th

Heavier nuclei: 
Cover range of N/Z 
at ~fixed values of A

Light nuclei: Reliable 
calculations of nuclear 
structure (e.g. clustering)

§ Both experiments use wide 
range of nuclear targets to 
study impact of cluster 
structure, separate mass 
and isospin dependence on 
SRCs, nuclear PDFs

§ Experiments will use a 
common set of targets to 
provide more information in 
the EMC-SRC connection
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E12-10-008 (EMC) and E12-06-105 (x>1) Status
Completed running this year
à Large number of targets required 2 different 

solid target ladders, and 15Kà4K cryogen 
switch for H/Dà3He/4He running

à Calibrations, etc. underway – hope to have 
preliminary results by DNP

A(-1/3)

|d
R

E
M

C
/d

x|

Hall C - projected

Hall C - 6 GeV

SLAC E139

Hall C - 2018

0

0.2

0.4

0.6

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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EMC Effect and Nuclear Dependence of R
The EMC Effect provides information 
about nuclear PDFs

!=
!

!! ""#$"% !"!" #
#

The cross section ratio, sA/sD is typically 
taken to be interchangeable with the 
structure function ratio, F2A/F2D 
à Only true if e=1 or RA=RD

<latexit sha1_base64="43jPLj7CJET73IqSsEXYayaanLc=">AAACBHicbZDLSgMxFIYz9VbrbdRlN8EiuCoz4m0jFN24cFGlN+gMQybNtKFJZkgyQhm6cOOruHGhiFsfwp1vY9qOoNUfAh//OYeT84cJo0o7zqdVWFhcWl4prpbW1jc2t+ztnZaKU4lJE8cslp0QKcKoIE1NNSOdRBLEQ0ba4fByUm/fEaloLBp6lBCfo76gEcVIGyuwy7fnXiQRzjxF+xwF1+NvaowDu+JUnangX3BzqIBc9cD+8HoxTjkRGjOkVNd1Eu1nSGqKGRmXvFSRBOEh6pOuQYE4UX42PWIM943Tg1EszRMaTt2fExniSo14aDo50gM1X5uY/9W6qY7O/IyKJNVE4NmiKGVQx3CSCOxRSbBmIwMIS2r+CvEAmUy0ya1kQnDnT/4LrcOqe1I9vjmq1C7yOIqgDPbAAXDBKaiBK1AHTYDBPXgEz+DFerCerFfrbdZasPKZXfBL1vsXKIeYcg==</latexit>

R =
! L

! T
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World Data on Nuclear Dependence of R 9
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FIG. 7: Left: World data on RA /R D . Model-dependent extractions are included together with the few SLAC data from true
Rosenbluth LT separations (see text). Right: The only published model-independent Rosenbluth extractions of RA ! RD in
DIS from E140 [2].

FIG. 8: Preliminary results from Hall C JLab [14] showing that RCu < R D in the resonance region. On the x-axis the quantity
W 2 is shown. The typical absolute value of RCu is 0.3 thus the measured nuclear medium e! ect is of the order of 48%. The
error bars on the data points represent the statistical and point-to-point systematic uncertainties.

models attempt to describe the nuclear modiÞcation of the experimental ratio! A / ! D but there is no comprehensive
understanding of the entire pattern.

Unlike the shadowing e! ect, antishadowing shows little or no sensitivity to A within experimental uncertainties,
for example, in the SLAC E139 [15] and NMC data [12]. While antishadowing is observed in nuclear DIS, it remains
something of a mystery why the cross section enhancement is not seen in nuclear Drell-Yan ratios [16] (Figure 9, right
panel) nor in the total neutrino-nucleus cross sections forx > 0.1 [17]. The deviation of ! A / ! D from unity in this
region is of the order of a few percent and most measurements quote normalization uncertainties on the order of 1-2%

Model-independent extraction of R requires 
L-T separation
àBulk of world data on nuclear 

dependence of R comes from global fit to 
unseparated cross sections

àExample: NMC fit data to 4 parameters
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F Sn
2 /F C

2 = ( a1 + a2 ln Q2)(1 + a3/Q 2)

4th parameter: DR = RSn-RC

Only true L-T separated data from SLAC E140
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SLAC E140
Nuclear dependence of R=sL/sT extracted via 
measurement of e dependence of sA/sD

<latexit sha1_base64="eCOw0FQ1YxzlKsKaV4h2qliuGvY="></latexit>
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"

SLAC E140 Measurements

x=0.2, 0.35, 0.5
Q2 = 1.0, 1.5, 2.5, 5.0 GeV2

Iron and Gold targets

RA – RD consistent with zero within errors

[E140 Phys. Rev. D 49 5641 (1993)] No Coulomb corrections were applied

Possible issue:
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Coulomb Distortion in Heavy Nuclei

e

e!

p
n

Electrons scattering from nuclei can be 
accelerated/decelerated in the Coulomb field of the 
nucleus
à This effect is in general NOT included in most radiative 

corrections procedures
à Note: Coulomb Corrections perhaps more appropriately 

described in terms of multi-photon exchange, but 
Coulomb Corrections provide convenient shorthand 

In a simple picture – Coulomb field induces a change in kinematics in the reaction

Electrostatic potential 
energy at center of 
nucleus

Ee à Ee + V0 

Ee’à Ee’ + V0 
V0=3aZ/2REffective Momentum 

Approximation (EMA)
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RA-RD: E140 Re-analysis

Re-analyzed E140 data using Effective 
Momentum Approximation for published 
“Born”-level cross sections

à Total consistency requires application to 
radiative corrections model as well 

RA-RD = -2E-4 +/- 0.02

RA-RD = -0.03 +/- 0.02

Including Coulomb Corrections 
yields result 1.5 !   from zero when 
averaged over x
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SLAC/JLab Combined Analysis
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Combined analysis of SLAC E139, E140 and JLab 6 GeV data for Fe/Cu at x=0.5, Q2~5 GeV2

No Coulomb Corrections with Coulomb Corrections
PRC 104(6):065203, 2021

x=0.5, Q2=4-5 GeV2
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JLab Hall C Resonance Region Data
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E04-001 (Hall C, 6 GeV) measured 
nuclear dependence of R in resonance 
region

While DIS data suggest RA-RD<0 at large 
x/Q2, 6 GeV suggests RA-RD>0

The 2 results need to be reconciled
à Large x result dominated by 
uncertainties in comparing data from 
different experiments
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Consequences of non-zero RA-RD6
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FIG. 5: The impact of the nontrivial nuclear dependence of
R on the structure function ratios around the antishadowing
region for SLAC E139 [7] and E140 [20] Fe/D data.

cision experiments performed at SLAC [7, 20, 23] and
Je! erson Lab [21, 28]. These experiments have shown
that reducing the ! A / ! D cross section ratio uncertainties,
point-to-point in ", below 1% is experimentally challeng-
ing, yet obtainable. For instance, the point-to-point un-
certainties from Je! erson Lab experiment E94110 [28] on
cryogenic hydrogen have been estimated at about 1.5%,
which was found to be consistent with the width of the
distribution of residuals determined from the linear Þts.

To measure cross sections at a range of" values for
Þxed x and Q, both the SLAC and JLab inclusive L/T
separation experiments utilized a range of beam energies
in conjunction with well studied spectrometer systems,
which were able to be rotated to di! erent angles and ad-
justed to accept varying ranges of momenta. Some of
the largest contributions to the estimated systematic un-
certainties stem from either time dependent systematics,
such as current calibrations or detector e" ciency varia-
tions, or from the uncertainties in the kinematics at each
beam energy and spectrometer setting. However, these
systematics largely cancel in the cross section ratios, in
which the electron yields on each target are taken at the
same kinematic settings and close in time.

If, for example, a 3% anti-shadowing e! ect in F A
2

were entirely due to a longitudinal enhancement, with
F A

1 /F D
1 = 1, then this would be reßected in a 3% slope

in the cross section ratio versus"! ! "/ (1 + "RD ), cor-
responding to # R = RA " RD # 0.03. For the current
study we assume the following:

FIG. 6: Simulated ! A / ! D as a function of "! (data points
with error bars) and a linear Þt (solid lines), see the text fo r
details.

¥ The total systematic point-to-point uncertainty (in
") on the measured! A / ! D ratios is 0.5%.

¥ There is no " dependent systematic uncertainty.

¥ Six cross section ratio measurements at equally
spaced"! = "/ (1 + "RD ) values in the range (0.05,
0.95), corresponding to six unique beam energies.

Under the assumptions above, the cross section ratios
were selected at each"! by random sampling from a Gaus-
sian distribution assuming a 3% slope on! A / ! D versus
"! and a Gaussian width of 0.5%. Six sample L/T sepa-
rations generated by this procedure are shown in Fig. 6.
After performing a linear Þt, the uncertainty on the mea-
sured slope was found to be 0.67%, corresponding to a 1-!
(3-! ) uncertainty on RA " RD of less than 0.007 (0.021).
For the case considered of 0.5% ratio uncertainties, one
could determine at 1-! whether a 3% antishadowing ef-
fect is due mainly to F A

L to # 20%.
We note that this uncertainty on the extracted RA "

RD scales with the uncertainties on the cross section ra-
tios such that a further reduction in the latter to 0.25%
would reduce the uncertainty on # R by half. However,
we have thus far ignored any possible" dependent sys-
tematic uncertainties, such as those possibly arising from
Coulomb and radiative corrections. For this reason, this
is likely an optimistic scenario.

Implications of non-zero RA-RD 
à F1, F2 not modified in the same 
way in nuclei à impact on EMC 
effect?
à Anti-shadowing a longitudinal 
photon effect à gluons?
à Parton model: R=4<kT

2>/Q2, 
<kT

2> smaller for bound nucleons? 
[A. Bodek,  PoS DIS2015 (2015) 
026]

Phys. Rev. C, 86:045201, 2012

New, precision data required 
 à E12-14-002
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Hall C E12-14-002
• Precision Measurements and Studies of a Possible Nuclear Dependence of R=σL/σT  
     [S. Alsalmi, M.E. Christy, D. Gaskell, W. Henry, S. Malace, D. Nguyen, T.J. Hague, P. Solvignon]
• Measurements of nuclear dependence of structure functions, RA-RD via direct L-T separations
• Measurements with H, D, C, Cu, Au targets à will provide absolute cross sections, unseparated 

ratios (A/D, D/H), separated structure functions (F1, F2), absolute values of R
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Hall C E12-14-002: Gluons in the nucleus
<latexit sha1_base64="aDoS7TXSTkAng1De3vyaY/NmBQA="></latexit>
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FL sensitive to nuclear gluon distribution à measurements at large/moderate x constrain gluons at 
low x via momentum sum rule
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Hall C E12-14-002: EMC-SRC Correlation
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Observed correlation between EMC effect 
and SRCs from unseparated ratios

EMC Effect and SRCs arise from common 
origin? SRCs serve as “measurement” of 
nucleon virtuality or local density?
 
à If DR is non-zero, this correlation will not 

be the same for all structure functions 
(F1, F2, FL)

à If longitudinal photons are significant 
contribution to EMC effect, what does 
this mean for origin of EMC effect?

àWill correlation be linear for all structure 
functions?
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Polarized EMC EffectI.C. Clo‘t et al. / Physics Letters B 642 (2006) 210Ð217 215

Fig. 4. The Þrst spin-dependent multipole(K = 1) u- andd-quark distributions
in 11B (at Q2 = Q2

0).

Fig. 5. The second spin-dependent multipole(K = 3) u- andd-quark distribu-
tions in11B (at Q2 = Q2

0).

ply given by

(30)! (A) = " uA + " dA ! ! (Pp + Pn),

(31)g(A)
A = " uA " " dA ! gA(Pp " Pn),

where" qA represents the Þrst moment of" qJ J
A and ! , gA

are the medium modiÞed nucleon quantities, deÞned by divid-
ing out the non-relativistic isoscalar and isovector polarization
factors forH = J . We Þnd that! andgA are both suppressed
in-medium relative to the free values, as summarizedTable 2.
This decrease ofgA in-medium is in agreement with the well
known nuclear#-decay studies which, after taking into ac-
count the nuclear structure effects, require a quenching ofgA
to achieve agreement with empirical data.3

In Figs. 6Ð9we give results for the EMC and polarized EMC
effect in 7Li, 11B, 15N and27Al at Q2 = 5 GeV2. The dashed
line is the unpolarized EMC effect, the solid line is theK = 1
polarized EMC effect and the dotted line is theM = J polar-
ized EMC result (cf. Eqs.(26) and (23), respectively). For the
unpolarized EMC effect the results agree very well with the

3 The required quenching factors can be seen, for example, by comparing the
experimental and calculated GamowÐTeller matrix elements given in Refs.[30,
31].

Fig. 6. The EMC and polarized EMC effect in7Li. The empirical data is from
Ref. [32].

Fig. 7. The EMC and polarized EMC effect in11B. The empirical data is from
Ref. [32].

Table 2
Results for the Þrst moment of the in-medium quark distributions in the bound
proton and the resulting spin sum and nucleon axial charge. It is clear that the
moments tend to decrease with increasingA

" u " d ! gA

p 0.97 " 0.30 0.67 1.267
7Li 0.91 " 0.29 0.62 1.19
11B 0.88 " 0.28 0.60 1.16
15N 0.87 " 0.28 0.59 1.15
27Al 0.87 " 0.28 0.59 1.15
Nucl. Matter 0.74 " 0.25 0.49 1.05

experimental data taken from Ref.[32], where importantly we
obtain the correctA-dependence.

Consistent with previous nuclear matter studies, we Þnd that
the polarized EMC effect is larger than the unpolarized case,
with the exception of the multipole result for7Li at x ! 0.6.
Based on the wavefunction in Ref.[29] the neutrons give a
small contribution to the polarization. To test the dependence
on the neutron polarization we also coupled the two neutrons to
spin-zero, so thatP3/ 23/ 2

n = 0, which is closer to the quantum
Monte Carlo result of" 0.04[27]. We Þnd that these results are
very similar to those inFig. 6.

Precision of expected results

NNM = Naive nuclear model (just counting percentage of polarization, and dilution 
factor, no Fermi motion); SNM = Standard Nuclear Model (nucleons-only); QMC = CBT 
(Cloet Bentz Thomas); MSS =  H. Fanchiotti, C. Garca-Canal, T. Tarutina, and V. Vento, 
(2014), arXiv:1404.3047 [hep-ph]; S/AS=shadowing/antishadowing (Guzey-Strikman).

JLab E12-14-001 in Hall B
àUses 7LiD solid polarized target

Similar to unpolarized DIS, can define nuclear ratio 
for polarized structure functions

R =
F A

2

ZF p
2 + ( A ! Z )F n

2
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R =
g1A

Ppg1p + Pn g1n
<latexit sha1_base64="wnWALmlu0ZSQXhdlmT5WGWxgqUU=">AAACE3icbZBNS8MwGMfT+TbnW9Wjl+AQRGG0IuhFmHrxWMW9wFZKmqVbWJqWJBVG6Xfw4lfx4kERr168+W1Mux508w+BX/7P85A8fz9mVCrL+jYqC4tLyyvV1dra+sbmlrm905ZRIjBp4YhFousjSRjlpKWoYqQbC4JCn5GOP77O650HIiSN+L2axMQN0ZDTgGKktOWZR3fwAvYDgXA69FL7MstSx4thznEGj6Hj8eLCs8wz61bDKgTnwS6hDko5nvnVH0Q4CQlXmCEpe7YVKzdFQlHMSFbrJ5LECI/RkPQ0chQS6abFThk80M4ABpHQhytYuL8nUhRKOQl93RkiNZKztdz8r9ZLVHDuppTHiSIcTx8KEgZVBPOA4IAKghWbaEBYUP1XiEdIB6R0jDUdgj278jy0Txq21bBvT+vNqzKOKtgD++AQ2OAMNMENcEALYPAInsEreDOejBfj3fiYtlaMcmYX/JHx+QPJnJzZ</latexit><latexit sha1_base64="wnWALmlu0ZSQXhdlmT5WGWxgqUU=">AAACE3icbZBNS8MwGMfT+TbnW9Wjl+AQRGG0IuhFmHrxWMW9wFZKmqVbWJqWJBVG6Xfw4lfx4kERr168+W1Mux508w+BX/7P85A8fz9mVCrL+jYqC4tLyyvV1dra+sbmlrm905ZRIjBp4YhFousjSRjlpKWoYqQbC4JCn5GOP77O650HIiSN+L2axMQN0ZDTgGKktOWZR3fwAvYDgXA69FL7MstSx4thznEGj6Hj8eLCs8wz61bDKgTnwS6hDko5nvnVH0Q4CQlXmCEpe7YVKzdFQlHMSFbrJ5LECI/RkPQ0chQS6abFThk80M4ABpHQhytYuL8nUhRKOQl93RkiNZKztdz8r9ZLVHDuppTHiSIcTx8KEgZVBPOA4IAKghWbaEBYUP1XiEdIB6R0jDUdgj278jy0Txq21bBvT+vNqzKOKtgD++AQ2OAMNMENcEALYPAInsEreDOejBfj3fiYtlaMcmYX/JHx+QPJnJzZ</latexit><latexit sha1_base64="wnWALmlu0ZSQXhdlmT5WGWxgqUU=">AAACE3icbZBNS8MwGMfT+TbnW9Wjl+AQRGG0IuhFmHrxWMW9wFZKmqVbWJqWJBVG6Xfw4lfx4kERr168+W1Mux508w+BX/7P85A8fz9mVCrL+jYqC4tLyyvV1dra+sbmlrm905ZRIjBp4YhFousjSRjlpKWoYqQbC4JCn5GOP77O650HIiSN+L2axMQN0ZDTgGKktOWZR3fwAvYDgXA69FL7MstSx4thznEGj6Hj8eLCs8wz61bDKgTnwS6hDko5nvnVH0Q4CQlXmCEpe7YVKzdFQlHMSFbrJ5LECI/RkPQ0chQS6abFThk80M4ABpHQhytYuL8nUhRKOQl93RkiNZKztdz8r9ZLVHDuppTHiSIcTx8KEgZVBPOA4IAKghWbaEBYUP1XiEdIB6R0jDUdgj278jy0Txq21bBvT+vNqzKOKtgD++AQ2OAMNMENcEALYPAInsEreDOejBfj3fiYtlaMcmYX/JHx+QPJnJzZ</latexit><latexit sha1_base64="wnWALmlu0ZSQXhdlmT5WGWxgqUU=">AAACE3icbZBNS8MwGMfT+TbnW9Wjl+AQRGG0IuhFmHrxWMW9wFZKmqVbWJqWJBVG6Xfw4lfx4kERr168+W1Mux508w+BX/7P85A8fz9mVCrL+jYqC4tLyyvV1dra+sbmlrm905ZRIjBp4YhFousjSRjlpKWoYqQbC4JCn5GOP77O650HIiSN+L2axMQN0ZDTgGKktOWZR3fwAvYDgXA69FL7MstSx4thznEGj6Hj8eLCs8wz61bDKgTnwS6hDko5nvnVH0Q4CQlXmCEpe7YVKzdFQlHMSFbrJ5LECI/RkPQ0chQS6abFThk80M4ABpHQhytYuL8nUhRKOQl93RkiNZKztdz8r9ZLVHDuppTHiSIcTx8KEgZVBPOA4IAKghWbaEBYUP1XiEdIB6R0jDUdgj278jy0Txq21bBvT+vNqzKOKtgD++AQ2OAMNMENcEALYPAInsEreDOejBfj3fiYtlaMcmYX/JHx+QPJnJzZ</latexit>

Polarized EMC effect provides another 
possible handle on connection to SRCs
à Smaller fraction of polarized nucleons 
involved in SRCs
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The EMC Effect via Inclusive Processes
• Hall C E12-10-008 and E12-06-105 have essentially exhausted the available 

phase space (nuclear targets) for “standard” EMC Effect/x>1 measurements
• Other inclusive measurements

– Polarized EMC Effect
– PV processes
– ! "#$%&'()(*+,-%

• A possible nuclear dependence of R=! L/! T would have profound impact on 
our understanding of the EMC effect
– Cross section ratios not structure function ratios à impact on nuclear 

PDFs
– What is the role of longitudinal photons at large x (EMC) and in the anti-

shadowing region?
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EXTRA
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Application: RA-RD

Measurements of EMC effect often assume sA/sD = F2
A/F2

D 

à this is true if R=sL/sT is the same for A and D

!  

d"
d# dE/ =

4$ 2(E/)2

Q4%
F2(%,Q2)cos2 &

2
+

2
M%

F1(%,Q2)sin2 &
2

'  
( ) 

* 
+ ,  

!=
!

!! ""#$"% !"!" #
#

DIS/Inelastic cross section:

Quark distribution functions

!  

d"
d# dE'

= $ " T (%,Q2) +&" L (%,Q2)[ ] F1 a sT    F2 linear combination of sT and sL

SLAC E140 set out to measure R=sL/sT in deuterium and the nuclear dependence of R, 
i.e.,  measure RA - RD
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E12-14-002
!"#$%&'(#%#&)

*+!,
d!  ~ 6 msr, P0= 0.5 – 7 GeV/c
! 0=10.5 to 80 degrees
e ID via calorimeter and gas Cerenkov

!*+!,-
d!  ~ 4 msr, P0= 1 – 11 GeV/c
! 0=5.5 to 40 degrees
e ID via heavy gas Cerenkov and 
calorimeter 

Excellent control of point-to-point systematic 
uncertainties required for precise L-T 
separations
à Ideally suited for focusing spectrometers

SHMS

HMS

Perform L-T separations using same 
spectrometer for all e points as much as 
possible


