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Outline
• Quarks in the Nucleus
• Overview of the EMC Effect

– Discovery and dedicated measurements
– Known properties of EMC effect

• Recent experimental results
– Local density dependence
– Link to Short Range Correlations?

• New Observables and Avenues for Exploration
• Future measurements
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DIS: Structure Functions and Quarks in 
the Nucleus

Deep Inelastic Scattering provides access 
to quark distributions in nucleon via 
structure functions: 
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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 
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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) 

Nuclear binding energies (~MeV) small 
compared to typical DIS energies (~GeV)
à (Naïve) expectation was that nuclear 
effects in DIS would be small 

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

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

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

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

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

EMC Effect Measurements

Geesaman, Saito, and Thomas, Ann. Rev. Nucl. Sci. 45, 337 (1995) – updated
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Properties of the EMC Effect

Global 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



7

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

• More recently, models related to SRCs under 
investigation 

F2
A (x,Q2 ) = F2

N (x,ξA (Q
2 ) ⋅Q2 )
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35 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 will 
require new information
– Explore effect for wider range of nuclei (different A, 

n/p ratios..)
– New experimental avenues beyond inclusive DIS 

cross sections required
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Nuclear Dependence of EMC Effect
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

à Verified that the x
dependence was roughly 
constant

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

à Verified that the x
dependence was roughly 
constant
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0.04—
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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.

E).04—
0.04

I l I & I
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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
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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.
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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

E139 results consistent with both A and 
density dependent pictures

A-dependence

Density-
dependence
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JLab E03103
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)]

J. Seely, et al., PRL103, 202301 (2009)
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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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EMC Effect and Short Range Correlations
Weinstein et al, Hen et al showed 
there is a linear correlation between 
size of EMC effect and Short Range 
Correlation “plateau”

àNucleons in SRC pairs have high 
momentum – imply EMC Effect from 
“high virtuality” nucleons?

)(2
2 Aa

A D

A =
s
s

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

/d
x

EM
C

-d
R

-0.1

0.0

0.1

0.2

0.3

0.4

0.5
 / ndf 2�  4.895 / 5

p0        0.003869± -0.08426 

 / ndf 2�  4.895 / 5

p0        0.003869± -0.08426 

 / 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 

à Or are SRCs a 
proxy for high local 
density?

Or Hen, Barak Schmookler, Thursday afternoon
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Further Studies of the EMC Effect

EMC effect has been studied extensively – what more can 
we learn?

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 
àTagged measurements – Explore the EMC effect for different parts 

of nuclear wave function
àFlavor dependence – Is EMC effect different for up and down 

quarks?
àPolarized EMC Effect
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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
à Focused on light nuclei
à Large EMC effect for 9Be
à Local density/cluster effects?

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

interest for EMC-SRC correlation studies

See talk by Eric Pooser (Wednesday)



16

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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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

a2-1

|d
R

EM
C
/d

x|

3He

4He

9Be

10,11B
12C

27Al

56Fe 197Au
JLab + SLAC existing data
Hall C - 12 GeV, year 1

0

0.2

0.4

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Data from 10B, 11B taken as part of 
commissioning experiments - Spring 2018 
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Spectator Tagging and the EMC Effect1.1. The spectator mechanism 13

Figure 1.1: The process A(e, e
Õ(A ≠ 1))X within the impulse approximation [23].

F
N/A

2 is the DIS structure function of the nucleon N in the nucleus A, nA(|P̨A≠1|) is the three-
momentum distribution of the bound nucleon, z

A

1 = (p1 · q)/M‹ is the light cone momentum
of the bound nucleon and K

A is a kinematical factor given by

K
A(xB, yA, Q

2
, z

A

1 ) = 4fi–
2
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·
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◊
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y
2
A

2 + (1 ≠ yA) ≠ p
2
1x

2
B

y
2
A

(zA
1 )2Q2

B

, (1.2)

with y = ‹/Ee, yA = (p1 · q)/(p1 · ke) and xA = xB/z
A

1 .

Nuclear e�ects in Eq. 1.1 are generated by the nucleon momentum distribution nA(|P̨A≠1|)
and by the quantities yA and z

A

1 , which di�er from the corresponding quantities for a free
nucleon (y = ‹/Ee and z

N

1 = 1). In this framework the o�-mass shellness of the nucleon
(p2

1 ”= M
2) generated by nuclear binding is taken into account within some small relativistic

corrections when A > 2 [43]. In all the studies we propose here, it is important to ensure
that the spectator mechanism is dominant and that scattering between spectator nucleons
and other reaction products is properly modeled. Our main goal here is to make sure we
understand the simple deuterium case as well as the more complex helium target.

To test the spectator mechanism, we use the P̨A≠1 dependence of semi-inclusive cross
section ratio of di�erent nuclei at the same values of xB, Q

2 and with |P̨AÕ≠1| = |P̨A≠1|

R(xB, Q
2
, |P̨A≠1|, z

A

1 , z
A

Õ

1 , yA, yAÕ) © ‡
A

1 (xB, Q
2
, |P̨A≠1|, z

A

1 , yA)
‡

AÕ
1 (xB, Q2, |P̨AÕ≠1|, z

AÕ
1 , yAÕ)

. (1.3)

In the Bjorken limit, the A dependence of R is expected to be entirely dominated by
the nucleon momentum distribution nA(|P̨A≠1|), which exhibits a strong A dependence.
Therefore, measurements of the R ratio as a function of the recoil momentum |P̨A≠1| provide
a strong test of the spectator mechanism independently of the model for F

N/A

2 . Figure 1.2

Spectator tagging can be used to determine
the kinematics of the struck nucleon

2 complementary programs of ”tagged EMC” 
measurements at JLab

2.3. Design of the ALERT Detector 26

Figure 2.3: The schematic layout of the ALERT detector design, viewed from the beam
direction.

shorter distance between wires and optimization of the electric field over pressure ratio. Our
design is based on other chambers developed recently. For example for the dimuon arm of
ALICE at CERN, drift chambers with cathode planes were built in Orsay [54]. The gap
between sense wires is 2.1 mm and the distance between two cathode planes is also 2.1 mm,
the wires are stretched over about 1 m. Belle II is building a cylindrical drift chamber very
similar to what is needed for this experiment and for which the space between wires is around
2.5 mm [55]. Finally, a drift chamber with wire gaps of 1 mm is being built for the small
wheel of ATLAS at CERN [56]. The cylindrical drift chamber proposed for our experiment
is 300 mm long, and we therefore considered that a 2 mm gap between wires is technically a
rather conservative goal. Optimization is envisioned based on experience with prototypes.

The radial form of the detector does not allow for 90 degrees x-y wires in the chamber.
Thus, the wires of each layer are at alternating angle of ± 10¶, called the stereo-angle,
from the axis of the drift chamber. We use stereo-angles between wires to determine the
coordinate along the beam axis (z). This setting makes it possible to use a thin forward end-
plate to reduce multiple scattering of the outgoing high-energy electrons. A rough estimate
of the tension due to the ≥2600 wires is under 600 kg, which appears to be reasonable for a
composite end-plate.

The drift chamber cells are composed of one sense wire made of gold plated tungsten
surrounded by field wires, however the presence of the 5 T magnetic field complicates the
field lines. Several cell configurations have been studied with MAGBOLTZ [57], we decided

Low energy recoil detector for 
reconstructing residual, 
recoiling nucleus 

Backward angle proton/neutron 
detectors to sample high momentum 
(hundreds of MeV) nucleons 
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E12-11-107 (Hall C) and E12-11-003a (Hall B)

Measure structure function of high momentum nucleon in deuterium by 
tagging the spectator
àTake ratio of yield at large x (EMC region) to low x (no EMC expected)
àRequires new, large acceptance proton/neutron detectors at back angles

d(e,e’p)

Spokespersons: O. Hen, L. Weinstein, S. Gilad, S. Wood. H. Hakobyan

 
 

31 

 
The expected uncertainties for the ratio of the in-medium to free proton response function as 
calculated from the simulated data according to Eq. 1 are shown in Fig. 23 for 40 PAC days with 
Run Group B.  The expected uncertainties for the full data taking period of 75 days are shown in 
Fig. 24.  These uncertainties are much smaller than those of E12-11-107 (see Fig 12 right) for the 
proton. 
 

 

 

Figure 23:  The α s  dependence of the modified proton response function ratio F2 p
eff / F2 p  as in Fig. 8 

with model predictions and simulated data including statistical (inner error bars) and systematical (outer 
error bars) uncertainties for 40 days of data.  We expect an additional 4% interpretation uncertainty (see 
text for details).  The label “Q2 = 5 GeV2” refers to the models, not the data. 

d(e,e’n)

↵s = (Es � pzs)/ms
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Nucleon virtuality:



20

ALERT Program in Hall B

3.1. Projections 47

Figure 3.3: This figure is similar to Figure 1.3, it shows the predictions from [40] of the
ratio F

bound

2p
/F2p compared to projected statistical error bars for the proposed experiment

(blue points). Dashed line is a prediction for the PLC suppression model, dotted is for the
Q

2-rescaling model, and dot-dashed for the binding/o�-shell model.

indications that these kind of studies are on-going in the theory community [75].

3.1.3 Testing the Rescaling Models

The main goal of our experiment is to discriminate decisively between models of
EMC, Figure 3.4 illustrates this capability. We have here a high di�erentiation power
between x-rescaling and Q2-rescaling models. We note the good coverage and small
error bars for ◊PA≠1 = 90¶ (75 < ◊PA≠1 < 105¶). This is due to the better acceptance
for this angle. The measurement at backward angle (◊PA≠1 > 150¶), however, is much
more di�cult and is the main constraint driving our beam time request. Still, in order
to obtain our planned precision with a reasonable beam time request, the backward an-
gles are selected from 150¶ and up instead of the 160¶ which is used for the theory predictions.

We notice the complementarity of our choice of targets in the phase space covered, this
is due to the fact that larger recoil nuclei are more absorbed by the target material and
have higher detection threshold. At the same time, the Fermi momentum is larger in helium
allowing better statistics at high pA≠1. Using helium is then also an opportunity to explore
higher spectator momentum with a reasonable beam time request.

3.1. Projections 48

Figure 3.4: This figure is similar to figure 1.4, it shows predictions of the ratio R
A(x, x

Õ) for
A = 2 and A = 4 as a function of the momentum of the recoil nucleus A≠1 at perpendicular
(left) and backward (right) angle. The full and dashed curves are predictions for CLAS12
kinematic [23, 71] of the x-rescaling (binding) and Q

2-rescaling models, respectively, points
are projections for 2H (red) and 4He (blue).

3.1.4 Tagged EMC Ratio

The experiment can also confront the striking predictions for backward versus forward
tagged EMC in binding models, as illustrated in the Figure 3.5. We see that the model
prediction will be clearly tested, however the reach in xB for the backward recoils is also
strongly constrain by the beam time available for the experiment. Indeed, the strongest
e�ect is expected at xB ≥ 0.5 for which we need high statistics.

The measurement of the tagged EMC ratio is a very good observable even for other kinds
of model, in the low momentum regime one should be able to reproduce very nicely the classic
EMC e�ect and then be able to study its dependence to the spectator angle and momentum.
In general, models based only on o�-shellness predict no di�erences between nuclei at a given
spectator kinematic. This prediction can be tested nicely with the measurement presented
here.

1.4. Tagged EMC ratio 16

The quantity R
A which is defined by:

R
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‡
A
1 (xÕ

B
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(A)
1 , yA)

, (1.4)

represents the ratio between the cross sections on the nucleus A at two di�erent values of
the Bjorken scaling variable. Due to the cancellation of all the other terms but the nucleon
structure functions in Eq. 1.4, R

A is highly sensitive to the nuclear e�ect. In the binding
model (x-rescaling), where the inclusive nuclear structure function is expressed through a
convolution of the nuclear spectral function and the structure function of the bound nucleon,
one has

R
A(xB, x

Õ
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, Q
2
, |P̨A≠1|) = x
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2 (xB

z
A
1

, Q
2)

F
N/A
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z
A
1

, Q2)
. (1.5)

In the Q
2-rescaling model [18], which is based on the medium modification of the Q

2-evolution
equations of QCD and the assumption that the quark confinement radius for a bound nucleon
is larger than the one for a free nucleon, the ratio becomes

R
A(xB, x

Õ
B

, Q
2
, |P̨A≠1|) = x

Õ
B

xB

F
N/A

2 (xB, ›A(Q2)Q2)
F

N/A

2 (xÕ
B

, ›A(Q2)Q2)
(1.6)

While Eq. 1.5 is expected to depend both on A and |P̨A≠1|, Eq. 1.6 would be a constant.
By detecting nuclei with di�erent recoil angles, this ratio would exhibit di�erent behaviors,
allowing a more detailed examination of the dynamics. Figure 1.4 shows theoretical predic-
tions of the R

A ratio in the x- and Q
2-rescaling models at both perpendicular and backward

recoil kinematics. We see there the power of discrimination of such measurement, between a
model that link the EMC e�ect directly to the spectator momentum and one where it arises
independently of it.

1.4 Tagged EMC ratio

Another observable used in theoretical calculations for the tagged EMC ratio is

R0(x, Q
2) =

s
b

a
‡

A

1 dP̨A≠1
s

b

a
‡

D
1 dP̨A≠1

, (1.7)

in which the cross section is integrated over a small momentum range of the recoil nucleus
P̨A≠1. In binding models it leads to opposite behavior for recoil nuclei emitted forward
versus backward (Figure 1.5) that cancels in the usual inclusive EMC ratio. These resulting
deviations are much larger than the usual inclusive EMC e�ect and provides opportunity for
a significant experimental test of the binding models.

Low energy recoil detector gives high 
precision at low, moderate virtuality
à Significant difference between “x-
rescaling” (binding) and Q2 rescaling 
models

Deuterium

Whit Armstrong, Wednesday afternoon
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Flavor Dependence of the EMC Effect

Q2 = 5.0 GeV2
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Mean-field calculations predict a flavor dependent EMC effect for N≠Z nuclei

Cloët, Bentz, and Thomas, PRL 102, 
252301 (2009)

Isovector-vector mean field (r) causes 
u (d) quark to feel additional vector 
attraction (repulsion) in N≠Z nuclei

Experimentally, this flavor dependence has not been observed directly

Flavor dependence could be measured using PVDIS, pion Drell-Yan, SIDIS, 
unpolarized EMC Effect… 

In principle, models that 
predict the EMC Effect
generated by “high 
momentum” nucleons may 
also result in some flavor 
dependence
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Flavor dependence from Inclusive 40Ca 
and 48Ca

Measure inclusive EMC 
effect for similar A, 
different N/Z

CBT model predicts a 
~3% effect for 48Ca at 
x=0.6
àN/Z = 1.4

If there is no flavor 
dependence, difference 
between 40Ca and 48Ca 
should be less than 1% 
(SLAC E139 A-dependent 
parametrization) x

sA/sD

40Ca/48Ca Relative Norm. (1.4%)

40Ca48Ca - no flavor dependence48Ca - with flavor dependence

0.8

1

1.2

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Measurement of unpolarized EMC effect in 40Ca and 48Ca provides some
sensitivity to possible flavor dependent effect à E12-10-008 (Hall C)
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Flavor Dependence from PVDIS

Cloët, Bentz, and Thomas, PRL 109, 182301 (2012)

APV ⇡ � GFQ2

4
p
2⇡↵


a1(x) +

1� (1� y)2

1 + (1� y)2
a3(x)

�
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which eliminates 1 to 1:5! [20,22] of the NuTeV discrep-
ancy with respect to the standard model in their measure-
ment of sin2"W . Thus, quite apart from the intrinsic
importance of understanding the dynamics of quarks within
nuclei, the observation of these large flavor-dependent
nuclear effects illustrated in Fig. 1 would be direct evidence
that the isovector EMC effect plays an important role in
interpreting the NuTeV data. It would also indicate the
importance of flavor-dependent effects in our understand-
ing of the EMC effect in nuclei like lead and gold.

The a2 function is potentially sensitive to charge sym-
metry violation effects as well, which are a consequence of
the light quark mass differences and electroweak correc-
tions [16– 18]. In this case Eq. (6) reduces to

a2ðxÞ ’
9

5
# 4sin2"W # 6

25

#uþ ðxÞ # #dþ ðxÞ
uþp ðxÞ þ dþp ðxÞ

; (8)

where #uþ % uþp # dþn and #dþ % dþp # uþn . These
effects are largely independent of the medium effects
already discussed [22] and by using the central value of
the parametrizations of Ref. [35] we find this correction to
be negligible on the scale of Fig. 1. Therefore, nuclear

effects should dominate the discrepancy between the naive
expectation and an empirical result for a2ðxAÞ. However,
if charge symmetry violation effects turn out to be larger
than expected, together with any residual uncertainty asso-
ciated with strange quarks at low x, these effects can
be constrained via measurements on isospin symmetric
nuclei.
The EMC effect can be defined for both the traditional

DIS and $Z interference structure functions, via the ratio

Ri ¼ Fi
2A

Fi;naive
2A

¼ Fi
2A

ZFi
2p þ NFi

2n

; (9)

where i 2 $, $Z. The target structure function is labelled
by Fi

2A, while Fi;naive
2A is the naive expectation with no

medium effects whatsoever, and can be expressed as a
sum over the free proton and neutron structure functions.
Therefore, if there were no medium effects Ri would be
unity. Expressing the EMC effect in terms of the PDFs we
find the parton model expressions

R$ ’ 4uþA þ dþA
4uþf þ dþf

; R$Z ’ 1:16uþA þ dþA
1:16uþf þ dþf

; (10)

where qf are the quark distributions of the target if it were
composed of free nucleons. For an isoscalar target we have
R$ ¼ R$Z (modulo electroweak, quark mass and heavy
quark flavor effects). However, for nuclei with N ! Z
these two EMC effects need not be equal. The solid line
in Fig. 2 illustrates our EMC effect results for F$

2A in
nuclear matter, with Z=N ratios equal to that of iron (top)
and lead (bottom), while the corresponding EMC effect in
F$Z
2A is represented by the dot-dashed line. The dotted

and dashed lines illustrate the EMC effect in the u and d
quark sectors, respectively. We find that as the proton-
neutron ratio is decreased, the EMC effect in F$

2A increases,

whereas the EMC effect in F$Z
2A is reduced. Consequently,

for N > Z nuclei we find that R$ <R$Z on the domain
xA * 0:3, which is the domain over which our valence
quark model can be considered reliable.
The fact that uA=uf <dA=df and as a consequence

R$ < R$Z in nuclei with a neutron excess is a direct con-
sequence of the isovector mean field and is a largely model
independent result. In Ref. [20] it was demonstrated that
the isovector mean field leads to a small shift in quark
momentum from the u to the dquarks, and hence, the
in-medium depletion of uA is stronger than that ofdA in the
valence quark region. Because uA is multiplied by a factor
four in the ratio R$, the depletion is more pronounced for
this ratio than for R$Z, where the dquark quickly domi-
nates as Z=N becomes less than one.
We find that the flavor-dependent effects in nuclei like

lead and gold are approximately at the 5% level or greater,
in the valence quark region. Effects of this size are large
enough to be observed in planned PVDIS experiments [36]
at Jefferson Lab after the 12 GeV upgrade. Because of the

FIG. 1 (color online). Asymmetric nuclear matter results for
a2ðxAÞ obtained by using the Z=N ratio of iron (top) and lead
(bottom). In each figure the dotted line is the isoscalar result, the
dot-dashed line the naive expectation where no medium effects
are included, and the solid line is the full result.

PRL 109, 182301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

2 NOVEMBER 2012

182301-3

Modeling - nPDFs

Varying weights in fits between lepton/Drell Yan and ⌫ can
show tension between data sets

nCTEQ fits show dramatic di↵erences in a similar vein at CBT

Few percent e↵ect in a2
Ca48 from Cloet-Bentz-Thomas for  1a

x
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1a

0.8
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1.05
 CBT1a

naive
1a

Wθ
29/5 - 4 sin

Ca48 from Cloet-Bentz-Thomas for  1a

Seamus Riordan — ECT* Q&GinN 2018 EMC PVDIS 12/27

Lead Calcium-48

Z/N=20/28

a1(x) = 2

P
C1qeq(q + q̄)P
e2q(q + q̄)
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Suppressed by small 
values of C2, y-factor 

C1u=-0.19, C1d=0.34
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Flavor Dependence from PVDIS

Other Methods

PVDIS o↵ers highest sensitivity and is required for full picture

Aµ=12%, 60 days, 800Ca x/X48 from CBT,  1a

x
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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1
 CBT1a
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Our Projections (stat, stat+ pt to pt sys)

Shared sys. uncert

Aµ=12%, 60 days, 800Ca x/X48 from CBT,  1a
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E139 Param

CBT

Ca Ratio (stat + pt to pt sys)40Ca/ 48 

Shared systematic

Ca Ratios40Ca/ 48 

PVEMC EMC
(this prop.) E12-10-008

Statistics 0.7-1.3% 0.8-1.1%
Systematics 0.5% 0.7%
Normalization 0.4% 1.4%
CBT x-dependence 5% 3%
CBT sensitivity 5.6� < 3�

Seamus Riordan — ECT* Q&GinN 2018 EMC PVDIS 14/27

Cloët, Bentz, and Thomas calc.

PVDIS Measurements - SoLID Proposed Setup

Solenoidal Large Intensity Device - 12 GeV Hall A at JLab
More than 200 collaborators at over 60 institutions

SoLID provides large acceptance

2 < p < 8 GeV

2 < Q2 < 10 GeV
2

0.2 < xbj < 1

Acceptance ⇠ 40%

Lumin ⇠ 5⇥ 1038 Hz/cm
2

Parity-violation requires lots of statistics - need high rate
Want to cover broad kinematic range - need large acceptance
High impact $ ⇠50M project, 2020+ in the future
Program also includes SIDIS, J/ at threshold, TCS, SSA,
possible w/ EMC PVDIS, DDVCS, PV polarized PDFs...

Seamus Riordan — ECT* Q&GinN 2018 EMC PVDIS 16/27
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Precise measurement of PV asymmetry from 48Ca could be made with large 
acceptance device (SOLID spectrometer) in Hall A (proposed, not yet approved)

Projections, figure S. Riordan
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EMC Flavor Dependence: Pion Drell-Yan
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Experiment Flavor Ind. Flavor dep.
NA3 1.3 0.5

NA10 0.60 2.5

Omega (low Q2) 6.2 3.2

Omega (high Q2) 1.4 0.96

χ2/DOF

Pion-induced Drell-Yan sensitive 
to potential flavor dependence, 
but existing data lack precision
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Pion Drell-Yan – Measurements at  
COMPASS
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Some data on nuclear 
targets from COMPASS-II, 
more proposed 
(COMPASS++ LOI)
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A Dependence of Anti-quark Distributions

à Proton Drell-Yan process 
sensitive to anti-quark 
distributions in  the target 

à E772 at Fermilab measured 
no A dependence over limited x 
range, with limited precision

D.M. Alde et al., PRL64: 2479 (1990)Ruled out significant contributions 
from nuclear pions
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E906 and Nuclear Anti-quarks

Figure 7.9: The measured Drell-Yan per-nucleon cross section ratio versus fractional momentum quantity, x2. Only statistical uncertainty is shown.
Overlaid is the data from the E-772 experiment.

Figure 7.10: The same plot, but zoomed into R=[0.7, 1.2] for closer comparison with E-772 data.

165

B. Dannowitz, PhD Thesis, UIUC – not official E906 results

E906  (SeaQuest) at Fermilab
à Primary goal measurement of sea-quark asymmetry in proton
à Finished data taking in 2017
àAlso measured Drell-Yan from nuclear targets (C, Fe, and W)

Extends to higher x than E772
à x up 0.5 – regime where “EMC Effect” should be significant
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Polarized EMC Effect
I.C. Cloët et al. / Physics Letters B 642 (2006) 210–217 215

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

0).

Fig. 5. The second spin-dependent multipole (K = 3) u- and d-quark distribu-
tions in 11B (at Q2 = Q2

0).

ply given by

(30)Σ (A) = "uA + "dA ≡ Σ(Pp + Pn),

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

where "qA represents the first moment of "qJJ
A and Σ , gA

are the medium modified nucleon quantities, defined by divid-
ing out the non-relativistic isoscalar and isovector polarization
factors for H = J . We find that Σ and gA are both suppressed
in-medium relative to the free values, as summarized Table 2.
This decrease of gA in-medium is in agreement with the well
known nuclear β-decay studies which, after taking into ac-
count the nuclear structure effects, require a quenching of gA

to achieve agreement with empirical data.3

In Figs. 6–9 we give results for the EMC and polarized EMC
effect in 7Li, 11B, 15N and 27Al at Q2 = 5 GeV2. The dashed
line is the unpolarized EMC effect, the solid line is the K = 1
polarized EMC effect and the dotted line is the M = 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 Gamow–Teller matrix elements given in Refs. [30,
31].

Fig. 6. The EMC and polarized EMC effect in 7Li. The empirical data is from
Ref. [32].

Fig. 7. The EMC and polarized EMC effect in 11B. The empirical data is from
Ref. [32].

Table 2
Results for the first 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 increasing A

"u "d Σ 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 correct A-dependence.

Consistent with previous nuclear matter studies, we find that
the polarized EMC effect is larger than the unpolarized case,
with the exception of the multipole result for 7Li 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 that P

3/2 3/2
n = 0, which is closer to the quantum

Monte Carlo result of −0.04[27]. We find that these results are
very similar to those in Fig. 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 =

FA
2

ZF p
2 + (A� Z)Fn

2
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Cloët, Bentz, and Thomas, Phys. Lett. B 642 (2006) 210–217 

R =
g1A

Ppg1p + Png1n
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Polarized EMC effect provides 

another possible handle on 

connection to SRCs

à Smaller fraction of polarized 

nucleons involved in SRCs
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Summary
• 35 years of inclusive experiments have provided a lot of 

information about the properties of the EMC Effect
– No consensus on origin

• New experimental and theoretical results have motivated 
several avenues of investigation
– Connection with Short Range Correlations
– Tagged measurements
– Flavor dependence (valence)
– EMC effect in polarized quark distributions
– Sea-quarks

• Jefferson Lab 12 GeV program will cover much of the above
– Drell-Yan program at Fermilab (sea quarks) and 

COMPASS (flavor dependence) will also provide important 
input
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EXTRA
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EMC Effect and SRC 

EMC-SRC connection became 
more intriguing with the addition 
of Be SRC data
à Both EMC and SRC display 
similar dependence on nuclear 
density
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O. Hen et al, Phys.Rev. C85 (2012) 047301 
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JLab E03103 and the Nuclear 
Dependence of the EMC Effect

Normalization (1.6%)

x
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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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Flavor dependence and SRCs

M. Sargsian, arXiv:1209.2477 [nucl-th] and arXiv:1210.3280 [nucl-th]

High momentum nucleons in the nucleus 
come primarily from np pairs

àThe relative probability to find a high
momentum proton is larger than for 
neutron for N>Z nuclei

Probability to find SRC

Under the assumption the EMC effect comes from “high virtuality” (high 
momentum nucleons), effect driven by protons (u-quark dominates) à similar 
flavor dependence is seen in some “mean-field” approaches 


