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The nuclear dependence of the inclusive inelastic electron scattering cross section (the EMC effect)
has been measured for the first time in 10B and 11B. Previous measurements of the EMC effect in
A ≤ 12 nuclei showed an unexpected nuclear dependence; 10B and 11B were measured to explore
the EMC effect in this region in more detail. Results are presented for 9Be, 10B, 11B, and 12C at an
incident beam energy of 10.6 GeV. The EMC effect in the boron isotopes was found to be similar
to that for 9Be and 12C, yielding almost no nuclear dependence in the EMC effect in the range
A = 4 − 12. This represents important, new data supporting the hypothesis that the EMC effect
depends primarily on the local nuclear environment due to the cluster structure of these nuclei.

PACS numbers: 13.60.Hb,25.30.Fj,24.85.+p

INTRODUCTION1

Deep inelastic electron scattering from nuclear targets2

provides access to the inelastic structure functions, which3

are connected to the quark distributions (parton distri-4
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bution functions) in the nucleus. The modification of5

structure functions in nuclei (the EMC effect) is a clear6

indication that the nucleus cannot be simply described7

in terms of on-shell nucleon degrees of freedom. Despite8

intense theoretical and experimental study since its first9

observation in 1983 [1], there remain multiple theoretical10

explanations of the origin of the EMC effect [2, 3].11

The observation that the EMC effect appears to scale12

with local (rather than average) nuclear density [4] in-13

stigated a paradigm shift in possible explanations of the14

effect. In Ref. [4], it was found that the size of the EMC15

effect for 3He, 4He and 12C appeared to scale well with16

average nuclear density. However, the EMC effect in 9Be17

was similar in size to 4He and 12C, despite having a sig-18

nificantly smaller average density. Since the beryllium19

nucleus can be described as two α particles with a sin-20

gle neutron, it was hypothesized that the EMC effect is21

driven by the density of nucleons in those clusters (lo-22

cal nuclear density). It was subsequently found that the23

relative number of short-range correlated nucleon pairs24

(SRCs) in a nucleus (inferred from the ratio of the inclu-25

sive electron scattering cross section at x > 1 between26

nuclei and the deuteron) exhibited a similar density de-27

pendence [5]. Additional studies directly examined the28

correlation of the size of the EMC effect with SRCs [6, 7].29

The high degree of correlation between these two nuclear30

effects reinforces the idea that the local nuclear environ-31

ment plays an important role in the EMC effect. One ex-32

planation posits that the EMC effect is driven by changes33

in the nucleon structure due to local changes in nuclear34

density [7]. It has also been suggested that the apparent35

connection between the EMC effect and SRCs can come36

about from highly virtual nucleons in a correlated pair,37

leading to large off-shell effects [8]. Within the precision38

of existing data, both explanations have been found to39

be consistent with the observed correlation between the40

EMC effect and SRCs [7, 9, 10].41

The local density (LD) and high virtuality (HV) hy-42

potheses can be further explored by making additional43

measurements of the EMC effect and SRC ratios. More44

data on light nuclei will improve our understanding of45

the underlying nuclear physics driving both SRCs and46

the EMC effect. In addition, measurements at nearly-47

constant values of A covering a range in N/Z will help48

us understand the impact of the isospin structure (since49

SRCs are dominated by neutron-proton pairs [11–15]).50

Such measurements will be made at Jefferson Lab in51

experimental Hall C by experiments E12-10-008 (EMC)52

and E12-06-105 (SRC) [16, 17]. As part of the group of53

commissioning experiments that ran in Hall C after the54

completion of the Jefferson Lab 12 GeV Upgrade, a small55

subset of the planned EMC data were taken. We report56

on the results from this commissioning run, extracting57

the first measurement of the EMC effect in 10B and 11B.58

The boron isotopes are of interest due to the fact that,59

like 9Be, they are also expected to have significant α clus-60

ter contributions to their nuclear structure, while at the61

same time have an average density noticeably different62

from both 9Be and 12C. Measurement of the EMC effect63

in 10,11B could provide additional confirmation that, as64

noted in Ref. [4], the α cluster configuration (and hence65

local nuclear density) plays a significant role or, alter-66

nately, indicate that 9Be is an outlier for other reasons67

yet to be determined.68

EXPERIMENTAL DETAILS AND ANALYSIS69

This experiment ran in parallel with JLab E12-10-00270

(a measurement of inclusive electron scattering from hy-71

drogen and deuterium) for about two days in February,72

2018. The electron beam with energy 10.602±0.004 GeV73

impinged on 10 cm long liquid hydrogen (LH2) and liq-74

uid deuterium (LD2) cryogenic targets and several solid75

targets: 9Be, 12C, 10B4C, and
11B4C. The B4C targets76

were isotopically enriched to (at least) 95% by weight.77

The contribution from carbon to the B4C yield was sub-78

tracted using measured yields from the carbon target.79

Scattered electrons were detected in the new Super80

High Momentum Spectrometer (SHMS), a superconduct-81

ing magnetic focusing spectrometer in a QQQD (three82

quadrupoles followed by a single dipole) configuration,83

with an additional small dipole (3◦ horizontal bend) just84

before the first quadrupole to allow access to small scat-85

tering angles. The SHMS has a nominal solid angle of86

≈ 4.0 msr with a fractional momentum acceptance of87

−10% < ∆P
P0

< 22%.88

A detector package after the final dipole was used89

to identify electrons and provide tracking information90

for angle and momentum reconstruction. This detec-91

tor package includes a pair of horizontal drift chambers,92

each chamber containing six planes of wires oriented at93

0◦ and ±60◦ with respect to horizontal. The drift cham-94

bers provided position and direction information at the95

spectrometer focal plane; momentum and angle informa-96

tion at the target were reconstructed from this informa-97

tion via a fitted matrix transformation. The detector98

hut also includes four hodoscope planes (three planes of99

scintillators and one quartz bar plane) for triggering and100

timing. The hodoscopes are also used to help determine101

the tracking efficiency (typically 95-96%) by using a sub-102

set of paddles to define a region through which events103

were sure to have traversed the drift chambers. A gas104

Cherenkov (filled with 1 atm of CO2) and a lead-glass105

calorimeter were used for electron identification. The106

event trigger required the presence of hits in three of the107

four hodoscope planes as well as the presence of a signal108

in either the gas Cherenkov or calorimeter. Due the high109

efficiency of the hodoscopes and the conservative thresh-110

olds used in the event trigger, the trigger efficiency was111

better than 99.9%. The detector package also includes112

another gas Cherenkov (typically filled with C4F8O at113
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pressures below 1 atm) and an aerogel detector; these114

last two detectors were present in the detector stack and115

active but were not used in the analysis of data from this116

experiment as they are primarily used for separation of117

pions, kaons, and protons rather than electron identifica-118

tion.119

Additional measurements at the same central angle but120

over a reduced kinematic range were also made in the121

High Momentum Spectrometer (HMS). Since the HMS122

was used extensively in the Jefferson Lab 6 GeV program,123

its performance and acceptance are more thoroughly un-124

derstood than those of the SHMS and was used as a sys-125

tematic check of the resulting target cross section ratios.126

For the results presented in this work, measurements127

were made at a single SHMS central angle (21◦) and128

three central momentum settings; P0 = 3.3, 4.0, and 5.1129

GeV. These spectrometer settings resulted in a coverage130

in Bjorken x of 0.3 to 0.95, while the negative of the131

four-momentum transfer squared, Q2, varied from 4.3 to132

8.3 GeV2. The invariant mass of the hadronic system,133

W , is larger than 2 GeV (i.e. above the nominal nucleon134

resonance region) up to x ≈ 0.7.135

Electron yields were binned in the fractional spec-136

trometer momentum (∆P/P0) and corrected for detector137

and tracking efficiencies as well as computer and elec-138

tronic deadtimes. An additional correction was applied139

to the cryogenic targets for target density reduction due140

to beam heating. Backgrounds to the electron yields in-141

cluded pion contamination and contributions from charge142

symmetric processes. The latter were measured directly143

by flipping the spectrometer polarity and measuring the144

resulting positron yields. The positron yields scaled ap-145

proximately with the radiation length of the target and146

were at most ≈1% of the electron yield at negative polar-147

ity. The pion contamination was determined by examin-148

ing calorimeter spectra in the region where the electron149

signal is expected to dominate, selecting pions using the150

gas Cherenkov, and was at most 0.5% at low x. For val-151

ues of x at which the pions were above threshold in the152

gas Cherenkov detector (x = 0.58), the pion contamina-153

tion grew to be as large as 1.2%. For the cryotargets,154

contribution to the yield from the aluminum walls of the155

target cells was measured using two aluminum foils at the156

same positions along the beam as the ends of the cryotar-157

get. The contribution to the yield was measured to be158

about 5% of the LD2 target yield with little variation as159

a function of x. As noted earlier, the contribution from160

carbon to the B4C target yield was measured using the161

12C target. This contribution was about 20% of the B4C162

target yield. Since the shape of the carbon distribution is163

very similar to that from the subtraction B4C target, the164

resulting cross section ratios were relatively insensitive to165

the size of the carbon contribution.166

Yields were converted to cross sections via the Monte167

Carlo ratio method:168 (
dσ

dΩdE′

)
exp

=
Yexp

Ysim

(
dσ

dΩdE′

)
model

, (1)

where Yexp is the efficiency corrected, background sub-169

tracted experimental yield, Ysim is the Monte Carlo yield170

produced using a model cross section, radiated using the171

Mo and Tsai formalism [18–20], and
(

dσ
dΩdE′

)
model

is the172

same model used to produce the simulated yield eval-173

uated at Born level. The model cross section uses a174

fit [21] based on a superscaling [22] approach for the175

quasielastic contribution. The inelastic cross section is176

based on a fit to the inelastic deuteron structure func-177

tion [23] modified by a fit to the EMC effect [24] for178

W 2 > 3.0 GeV2, while for W 2 < 2.0 GeV2, the cross179

section is calculated using a convolution over the nucleon180

structure function (similar to that described in [25]). The181

region 2.0 GeV2 < W 2 < 3.0 GeV2 is taken as the182

weighted average between the lowW 2 and highW 2 calcu-183

lations. The sensitivity of the extracted σA/σD ratios to184

the cross section model used in this analysis was tested185

by using alternate fits to the quasielastic and inelastic186

cross sections (in particular, the model described in [25]187

and a new parameterization based on a global fit to world188

data [26]) and was found to be small (typically on the or-189

der of 0.4%). Target cross section ratios were formed for190

each (∆P/P0) bin, converted to x, and grouped in bins191

of fixed width in x, (∆x = 0.025).192

In addition to the typical radiative and acceptance cor-193

rections applied in the extraction of cross sections, two194

additional corrections were used when determining the195

σA/σD cross-section ratios. First, so-called isoscalar cor-196

rections were applied to 9Be and 11B to account for the197

difference between the inelastic neutron and proton cross198

sections, σn and σp:199

(
σA

σD

)
ISO

=
A
2 (σp + σn)

(Zσp +Nσn)

σA

σD
=

A
2 (1 +

σn

σp
)

(Z +N σn

σp
)

σA

σD
, (2)

where A and Z are the atomic weight and atomic number,200

with N = A−Z, and σA/σD is the cross section ratio per201

nucleon. As described in Ref. [25], we use the effective202

cross sections for nucleons bound in the deuteron [27] to203

evaluate σn/σp. An additional correction is also applied204

to account for acceleration (deceleration) of the incoming205

(outgoing) electrons in the Coulomb field of the nucleus.206

This correction is calculated using a modified version of207

the Effective Momentum Approximation (EMA) [4, 28]208

and in the DIS region ranges from 0.16% at x = 0.3 to209

0.5% at x = 0.7 for carbon (smaller for lighter nuclei).210

The correction increases at larger x, reaching ≈0.8% at211

x = 0.95.212

We divided the systematic uncertainty in the EMC213

cross section ratios into three categories: point-to-point,214

x-correlated, and normalization uncertainties. Note that215
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FIG. 1. Ratio of isoscalar-corrected cross section per nucleon vs. x, for 9Be, 10B, 11B, and 12C from this experiment (blue,
closed circles). The 9Be and 12C plots include the final results from JLab Hall C at 6 GeV [25] (open red circles) as well as
those from SLAC E139 [24] (open black squares). Also shown are the carbon results from JLab CLAS at 6 GeV [9] (green
stars). Error bars include statistics combined in quadrature with point-to-point systematic errors while the normalization error
for each experiment is noted in the label. The red band denotes the x-correlated error for the JLab Hall C 6 GeV results, while
the blue band shows the x-correlated error for this experiment (only shown for beryllium since it is largely target independent).
The solid black curve is the A-dependent fit of the EMC effect from SLAC E139 [24].

some quantities can contribute to more than one kind of216

uncertainty.217

• Point-to-point uncertainties are assumed to be in-218

dependent for each target and x-bin and contribute219

to the uncertainty in a manner similar to the sta-220

tistical uncertainty. The largest of these uncertain-221

ties include those assigned to account for varia-222

tion in the beam current/charge calibration over223

time (0.34%), variations across the spectrometer224

momentum bite in the extended target acceptance225

as compared to the thin, solid targets (0.5%), and226

kinematic dependent contributions to the radiative227

corrections (0.5%). Other, smaller contributions228

included those from electronic dead time, detector229

efficiency, and target density reduction. The total230

point-to-point uncertainty in the EMC ratios was231

estimated to be 0.87%.232

• So-called x-correlated uncertainties vary in size233

with x, but impact all points simultaneously. These234

include uncertainties due primarily to kinematic235

quantities, like beam energy, scattering angle, and236

spectrometer central momentum. In the region237

x=0.3-0.7, these uncertainties are on the order of238

0.1%, but can grow to 1.22% at the very largest239

values of x.240

• Normalization uncertainties contribute to all points241

collectively, affecting the overall scale of the ratio.242

Significant sources of normalization uncertainty in-243

clude the LD2 target thickness (0.6%) and den-244

sity reduction due to target boiling (0.3%), LD2245

target wall subtraction (0.5%), solid target thick-246

nesses (0.5-0.66%), and a contribution to the ra-247

diative correction uncertainty due to the difference248

in target radiation lengths and input cross-section249

models (0.5%). An additional 0.5% normalization250

uncertainty was assigned to account for possible ac-251

ceptance issues hypothesized to explain the differ-252

ence in EMC ratios observed between the SHMS253

and HMS. The total normalization uncertainty was254

1.22-1.29%.255

Note that when comparing the σA/σD ratios, the256

contribution to the normalization uncertainty from257

the LD2 target thickness and associated target boil-258

ing (0.68%) and the LD2 target wall subtraction259
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(0.5%) are common to all targets and should be260

removed when comparing, e.g., 12C to 10B.261

RESULTS AND DISCUSSION262

The EMC ratios as a function of x for all four nuclei263

measured in this experiment (9Be, 11B, 10B, and 12C)264

are shown in Figure 1. Our results for 9Be and 12C are265

plotted along with those from the JLab Hall C 6 GeV266

experiment [4] and SLAC E139 [24]. Results from the267

CLAS spectrometer in Hall B at 6 GeV [9] are also shown268

for carbon. The A-dependent fit of the EMC effect from269

SLAC E139 [24] is shown (solid black curve) for each ra-270

tio. In general, there is reasonable agreement between271

data sets for 9Be and 12C with respect to the x depen-272

dence of the ratio. The ratios for 10B and 11B are the273

first measurement of the EMC effect for these nuclei. Nu-274

merical values for the EMC ratios shown in Fig. 1 can be275

found in the tables included in the Supplemental Mate-276

rial [29].277

Upon extraction of the EMC ratios shown in Figure 1,278

it was found that the C and Be results were systemati-279

cally smaller than previous measurements by about 2%280

with a significance of 2 σ. Subsequent investigation found281

no issues with the data analysis that would impact the282

ratio. Cross-checks with data taken in the HMS over a283

more limited x range showed some disagreement (at the284

0.5% level) with the SHMS, suggesting there were effects285

due to differing acceptance for long 10 cm targets com-286

pared to the much shorter solid targets, but not large287

enough to explain the entire discrepancy. We hypothe-288

size that there may be an unknown effect with respect to289

the deuterium target thickness or density. In the inter-290

pretation of the data, we focus on the slope of the EMC291

ratio between 0.3 < x < 0.7 as a primary measurement292

of the size of the EMC effect. The impact of a possible293

2% normalization offset is small compared to the size of294

the relative uncertainties of the extracted slopes (which295

are on the order of 12%) so has minimal impact on the296

interpretation of the results.297

In addition to the overall normalization issue described298

above, there is some tension between 9Be results for this299

measurement and the Hall C 6 GeV measurement at low300

x that merits some discussion. The kinematics of the301

Hall C 6 GeV data (low momentum and large scattering302

angle) resulted in a large contribution from the radiated303

quasi-elastic tail at low x. This, combined with the rela-304

tively large radiation length of the Be target made the 6305

GeV data very sensitive to the model used to determine306

the radiated quasi-elastic cross section. It is possible the307

systematic uncertainty was underestimated. In contrast,308

the radiated quasielastic tail contribution is much smaller309

for the data presented here.310

The size of the EMC effect can be more precisely de-311

scribed using the magnitude of the slope, |dREMC/dx| in312

0.0
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x
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RSIE

FIG. 2. Top: Size of the EMC effect (slope from the cross
section ratio for 0.3 < x < 0.7) vs. scaled nuclear density
(ρ(A − 1)/A) for 3He, 4He, 9Be, 10,11B, and 12C. Closed cir-
cles are from this work, open circles from the JLab Hall C
6 GeV results [25], open squares from SLAC E139 [24], and
the open star from CLAS at 6 GeV [9]. Some points have
been offset horizontally for visibility. Grey bands denote the
weighted average of all experiments shown for a given target
(where applicable). Bottom: Slope extracted from the cross
section ratios of 12C to 9Be, 12C to 10B, and 12C to 11B from
this experiment. The red and blue curves are calculations of
the EMC effect assuming scaling with relative 2N overlap or
average nuclear density (see text). The yellow curve is from
a calculation of the EMC effect based on the residual strong
interaction (RSIE) [30]. All calculations have been normal-
ized to the slope for carbon.

the region 0.3 < x < 0.7 (the “EMC region”). These313

slopes are shown in Figure 2 (top), where the magni-314

tude of the EMC effect is plotted vs. the scaled nuclear315

density. The scaled nuclear density is calculated from316

Green’s Function Monte Carlo calculations of the nucleon317

spatial distributions [31] with a correction (slightly reduc-318

ing the effective density) applied to account for the finite319

size of the nucleon. As in Ref. [4], the density is scaled by320

(A− 1)/A to account for the fact that we are interested321

in the effect of the A− 1 nucleons on the struck nucleon.322

Note that the densities presented here are slightly differ-323

ent from those in Ref. [4], due primarily to updated cal-324

culations for carbon, resulting most visibly in a change325

in the relative density as compared to 4He (previously,326

the resulting density for carbon was larger than that for327

4He). The EMC slopes from this experiment include an328

additional systematic uncertainty of 0.009 (≈ 4.5% of the329

slope) from the fact that, although the slope was fit over330
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a fixed range in x, variations in that choice of x interval331

lead to changes in the extracted slope.332

Fig. 2 (top) also includes slopes from all experimen-333

tal results included in Fig. 1. Grey bands denote the334

combination of all experiments for a given target, where335

applicable. With the higher precision provided by this336

determination of the size of the EMC effect, some ten-337

sion between the data sets is apparent. For 9Be, the 6338

GeV Hall C data and the results from this work are both339

in agreement with the SLAC E139 results, but are in340

some disagreement with each other. This is likely due341

to systematic effects from the cross section model used342

in the radiative corrections which are larger for the 6343

GeV data (as discussed earlier). On the other hand, the344

6 GeV Hall C results agree with those from this exper-345

iment for carbon, although the latter are in some ten-346

sion with the SLAC E139 and CLAS ratios. It is also347

worth noting that the EMC ratios from the CLAS ex-348

periment for all targets (in addition to 12C, the CLAS349

results include 27Al, 56Fe, and 208Pb) are systematically350

larger than those from other experiments, as discussed351

in Ref. [25]. It is possible that the systematic difference352

in the CLAS results can be attributed to differences in353

the approximations used in determination of the radia-354

tive corrections as compared to those from the SLAC and355

Hall C experiments.356

We can more precisely compare the size of the EMC ef-357

fect in 12C to the other targets studied in this experiment358

by taking the direct cross section ratio of 12C to 9Be, 10B,359

and 11B (see Fig. 2, bottom plot). By taking the ratio360

between solid targets directly, the statistical uncertainty361

from deuterium is eliminated and the systematic errors362

are slightly smaller. The slight difference between 12C363

and 9Be (3.2σ) and 10B (1.4σ) is now apparent.364

The 12C/A ratios are also compared to three pre-365

dictions for the nuclear dependence of the EMC effect.366

While the three models discussed here can provide infor-367

mation about the origins of the EMC effect via exam-368

ination of the nuclear dependence, none of these mod-369

els provide predictions for the absolute magnitude of the370

EMC effect. The first describes the EMC effect in terms371

of the residual strong interaction energy [30]. The resid-372

ual strong interaction energy (RSIE) is a refinement of373

the nuclear binding energy, corrected for Coulomb con-374

tributions: RSIE(A,Z) = B(A,Z) + acZ(Z − 1)A−1/3,375

where B(A,Z) is the nuclear binding energy (given by376

the Bethe-Weizsäcker forumla [32, 33]) and the constant377

ac in the Coulomb contribution term is 0.71 MeV. The378

second prediction assumes the EMC effect scales with av-379

erage nuclear density, with the constraint that the EMC380

effect is zero for the deuteron. The third calculation as-381

sumes that the EMC effect is driven by the relative two-382

nucleon (2N) overlap in the nucleus, ⟨ON ⟩ − ⟨OD⟩ [7].383

The relative 2N overlap is calculated using two-nucleon384

distributions from GFMC calculations [31] to estimate385

the relative probability to find two nucleons within a cer-386

tain distance. A direct comparison of the EMC effect387

vs. relative 2N overlap is shown in Fig. 3 (note that the388

values of relative 2N overlap in this pot correspond to389

the 1.7 fm hard-cutoff version in Ref. [7], red triangles390

in Fig. 9 of that reference). There is clearly an excel-391

lent correlation between the two quantities. The slope392

and intercept from a linear fit to all the data shown in393

Fig. 3 are consistent with a fit that includes only prior394

data (slope=0.216 ± 0.038, intercept=-0.039 ± 0.044) in-395

dicating that these new results (which add 10B and 11B)396

support the dependence observed earlier.397

Target |dREMC/dx| dR12C/A/dx
9Be 0.168 ± 0.022 -0.060 ± 0.019
10B 0.196 ± 0.024 -0.030 ± 0.021
11B 0.216 ± 0.024 -0.010 ± 0.021
12C 0.221 ± 0.022 –

TABLE I. Slopes of EMC ratios extracted in this work. The
second column shows the slopes from the A/D ratios while
the last column gives the ratios of 12C/A to more precisely
study the relative EMC effect in 9Be, 10B, 11B, and 12C.

The results shown in Fig. 2 and Tab. I suggest that398

there is little nuclear dependence of the EMC effect for399

4He, 9Be, 10B, 11B, and 12C. While the average of all re-400

sults for carbon yields a larger EMC effect than the other401

nuclei, the average would decrease from 0.280±0.013 to402

0.252±0.016 if the CLAS data were excluded. In Ref. [4]403

it was suggested that the relatively large EMC effect in404

9Be could be explained by its α cluster structure and405

the idea that the EMC effect is driven by local density.406

10B and 11B are also thought to have significant α clus-407

ter contributions to their nuclear structure [34, 35], and408

were chosen for this reason. The similarity of the boron409

results to 4He, 9Be, and 12C serves as confirmation of410

the α cluster hypothesis and that local nuclear effects411

play a significant role in the EMC effect. The correlation412

between the size of the EMC effect and the relative 2N413

overlap provides further support for the importance of414

the local nuclear environment in the EMC effect.415

In summary, we have made the first measurement of416

the EMC effect in 10B and 11B, providing new informa-417

tion on the nuclear dependence of the EMC effect. The418

size of the EMC effect for the boron isotopes is similar419

to that for 4He, 9Be, and 12C, reinforcing the hypothesis420

that the EMC effect is driven by local, rather than aver-421

age nuclear density. A clear correlation between the size422

of the EMC effect and the relative 2N overlap in a nucleus423

is observed, giving further support for the importance of424

the local nuclear properties in the EMC effect. It will425

be particularly interesting to see if SRC ratios from the426

boron isotopes follow the same trend as the EMC effect.427
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FIG. 3. Size of the EMC effect vs. relative 2N overlap, ⟨ON ⟩−
⟨OD⟩. Data points are the same as in Fig. 2. The datum from
CLAS is excluded due to inconsistencies with world data as
well as possible systematic effects from the use of a different
approach to radiative corrections.
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