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...

Main physics goals
Isospin-dependence

✓ Improved precision: extract R(T=1/T=0) to 3.8%
✓ FSI much smaller (inclusive) and expected to cancel in ratio

3N SRCs structure (momentum-sharing and isospin)

Improved A-dependence in light and heavy nuclei
✓ Average of 3H, 3He --> A=3 “isoscalar” nucleus
✓ Determine isospin dependence --> improved correction for N>Z nuclei, 
extrapolation to nuclear matter

Absolute cross sections (and ratios) for 2H, 3H, 3He: test calculations of FSI for 
simple, well-understood nuclei

 Spokespeople: P. Solvignon (JLab/UNH), J. Arrington (ANL), D. Day (UVa), D. Higinbotham (JLab)
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Short-Range Correlations

➡ Motion of  nucleon in the nucleus broadens 
the peak. 
➡ little strength from QE above x ≈ 1.3 1 1.5 2 2.5 3
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2N-SRC

1<x<2:

3N-SRC

2<x<3: …

High momentum tails: 
same shape for all nuclei
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Short-Range Correlations

K. S. Egiyan et al., Phys. Rev. Lett. 96, 082501 (2006)

Hall B Hall C
N. Fomin et al., Phys. Rev. Lett. 108, 092502 (2012)

First evidence of 2N-SRC at x>1.5 seen at SLAC (Frankfurt, Strikman, Day, Sargsian, PRC48, 2451 

(1993)) and confirmed at JLab:
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with the explanation provided in a recent comment [27]261

which examined the impact of the CLAS momentum res-262

olution and concluded that the observed 3N-SRC plateau263

was likely the result of large bin-centering corrections.264

We do not see any indication of a plateau in the 3N-265

SRC region, with the 4He/3He ratio increasing with x266

(except for x ⇡ 3 where the 3He elastic contribution de-267

creases the ratio). However, while the scaling picture is268

a simple and robust way to test for 2N-SRCs, it is less269

clear how well it can indicate the presence of 3N-SRCs.270

For 2N-SRCs, one can predict a priori where the plateau271

should be observed since for any given Q

2, a value of x272

can be selected that corresponds to a minimum nucleon273

momentum that is above the Fermi momentum, thus sup-274

pressing the mean-field contributions. For 3N-SRCs, it275

is not clear what value of x and Q

2 is required to sup-276

press 2N-SRC contributions. Thus, larger Q

2 values may277

well be required to see identical behavior from 3He and278

heavier nuclei.279

For 2N-SRCs, the plateau must disappear as the280

deuteron cross section falls to zero as one approaches281

x = MD/Mp ⇡ 2, causing the ratio to rise sharply to282

infinity. For both the data and our simple cross section283

model, based on a simple deuteron momentum distribu-284

tion, this does not occur until x ⇡ 1.9, yielding a clear285

plateau for 1.5 < x < 1.9. For 3He, our simple cross286

section model yields a rapid fallo↵ of the 3He cross sec-287

tion starting near x ⇡ 2.5. More importantly, the rise288

in the cross section ratio sets in at lower x values as Q

2
289

increases, potentially eliminating the benefit of larger Q

2
290

values associated with an earlier start of the plateau in291

x. The rise at x > 2.5 and Q

2 dependence observed in292

our model are qualitatively consistent with the observed293

Q

2 dependence of the data, shown in Figure 2.294
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FIG. 1. (Color online) The 4He/3He cross section ratio for297

Q

2
> 1.4 GeV2 (23o and 25o scattering), along with results298

from CLAS [12] and Hall C (E02-019) [14]. Uncertainties299

include statistical and systematic uncertainties; the 7% nor-300

malization uncertainty is not included. We do not remove the301

elastic e-3He contribution, which yields a decrease in the ratio302

at x ⇡ 3.303
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FIG. 2. (Color online) The 4He/3He (top) and 12C/3He (bot-
tom) cross section ratios at 21, 23, and 25 degrees, along with
results from CLAS [12] and Hall C (E02-019) [14] measure-
ments. The solid lines correspond to a simple cross section
model based on parameterized momentum distributions.

One can think of the rise in the ratio as x ! 3 as304

coming from the di↵erence between stationary 3N-SRC305

in 3He and moving SRCs in heavier nuclei. This violates306

the naive scaling picture, which predicts a plateau, and is307

consistent with the observation that the large-x increase308

in the ratio is larger for 12C/3He. However, it does not309

indicate that 3N-SRCs are not important in this region;310

even if the cross section is dominated by 3N-SRCs, the311

simple ratio of inclusive scattering need not show the312

plateau predicted by the naive SRC model. Thus, it ap-313

pears that the direct comparison of inclusive scattering314

of 3He and heavier nuclei does not provide a su�ciently315

sensitive way to observe the contribution of 3N-SRCs.316

The absolute cross sections for scattering from 3He,317

4He and 12C at a scattering angle of 25� are shown in318

Fig. 3. For 3He, the deviation of the 3He cross section319

from the exponential fallo↵ with x is clear for x > 2.5,320

yielding the increase in the 4He/3He ratios shown above.321

We have performed high-statistics measurements of the322

4He/3He and 12C/3He cross section ratios, confirming323

the results of the low-statistics measurements form Hall324

C [14] and showing a clear disagreement with the CLAS325

data [12] which was presumably limited at large x by the326

To be submitted to PRL
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SRC: isospin dependence
Simple SRC model assumes isospin independence

Data show large asymmetry between np, pp pairs:
Qualitative agreement with calculations; effect of tensor force. Huge violation of often assumed isospin symmetry
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R. Subedi et al, Science 320, 1476(2008) 
Two-nucleon knock-out experiment

Tensor Forces and the Ground-State Structure of Nuclei

R. Schiavilla,1,2 R. B. Wiringa,3 Steven C. Pieper,3 and J. Carlson4

1Jefferson Laboratory, Newport News, Virginia 23606, USA
2Department of Physics, Old Dominion University, Norfolk, Virginia 23529, USA
3Physics Division, Argonne National Laboratory, Argonne, Illinois 61801, USA

4Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
(Received 10 November 2006; published 27 March 2007)

Two-nucleon momentum distributions are calculated for the ground states of nuclei with mass number
A ! 8, using variational Monte Carlo wave functions derived from a realistic Hamiltonian with two- and
three-nucleon potentials. The momentum distribution of np pairs is found to be much larger than that of
pp pairs for values of the relative momentum in the range "300–600# MeV=c and vanishing total mo-
mentum. This order of magnitude difference is seen in all nuclei considered and has a universal character
originating from the tensor components present in any realistic nucleon-nucleon potential. The correla-
tions induced by the tensor force strongly influence the structure of np pairs, which are predominantly in
deuteronlike states, while they are ineffective for pp pairs, which are mostly in 1S0 states. These features
should be easily observable in two-nucleon knockout processes, such as A"e; e0np# and A"e; e0pp#.

DOI: 10.1103/PhysRevLett.98.132501 PACS numbers: 21.30.Fe, 21.60.$n, 25.30.$c, 27.10.+h

The two preeminent features of the nucleon-nucleon
(NN) interaction are its short-range repulsion and inter-
mediate- to long-range tensor character. These induce
strong spatial-spin-isospin NN correlations, which leave
their imprint on the structure of ground- and excited-state
wave functions. Several nuclear properties reflect the pres-
ence of these features. For example, the two-nucleon den-
sity distributions !MS

TS "r# in states with pair spin S % 1 and
isospin T % 0 are very small at small internucleon separa-
tion r and exhibit strong anisotropies depending on the spin
projection MS [1]. Nucleon momentum distributions N"k#
[2,3] and spectral functions S"k; E# [4] have large high-
momentum and, in the case of S"k; E#, high-energy com-
ponents, which are produced by short-range and tensor
correlations. The latter also influence the distribution of
strength in response functions R"k;!#, which characterize
the response of the nucleus to a spin-isospin disturbance
injecting momentum k and energy! into the system [5,6].
Lastly, calculations of low-energy spectra in light nuclei
(up to mass number A % 10) have demonstrated that tensor
forces play a crucial role in reproducing the observed

ordering of the levels and, in particular, the observed
absence of stable A % 8 nuclei [7].

In the present study we show that tensor correlations also
impact strongly the momentum distributions of NN pairs
in the ground state of a nucleus and, in particular, that they
lead to large differences in the np versus pp distributions
at moderate values of the relative momentum in the pair.
These differences should be observable in two-nucleon
knockout processes, such as A"e; e0np# and A"e; e0pp#
reactions. This work goes beyond that of Ref. [7], which
did not address the momentum dependence of the ten-
sor force and induced correlations, by showing important
effects at relative momenta greater than 1:5 fm$1. These
effects, associated with small total and large relative
momenta in the NN pair, cannot be computed within the
vlow k framework [8] directly, but require the inclusion of
additional many-body, nonlocal, spin-isospin dependent
operators.

The probability of finding two nucleons with relative
momentum q and total momentum Q in isospin state TMT
in the ground state of a nucleus is proportional to the
density

 

!TMT
"q;Q# % A"A$ 1#

2"2J& 1#
X
MJ

Z
dr1dr2dr3 ' ' ' drAdr01dr02 

y
JMJ
"r01; r02; r3; . . . ; rA#e$iq'"r12$r012#e$iQ'"R12$R012#

( PTMT
"12# JMJ

"r1; r2; r3; . . . ; rA#; (1)

where r12 ) r1 $ r2, R12 ) "r1 & r2#=2, and similarly for
r012 and R012. PTMT

"12# is the isospin projection operator,
and  JMJ

denotes the nuclear wave function in spin and
spin-projection state JMJ. The normalization is

 

Z dq
"2"#3

dQ
"2"#3 !TMT

"q;Q# % NTMT
; (2)

where NTMT
is the number of NN pairs in state TMT .

Obviously, integrating !TMT
"q;Q# over only Q gives the

probability of finding two nucleons with relative momen-
tum q, regardless of their pair momentum Q (and vice
versa).

The present study of two-nucleon momentum distribu-
tions in light nuclei (up to A % 8) is based on variational
Monte Carlo (VMC) wave functions, derived from a real-
istic Hamiltonian consisting of the Argonne v18 two-

PRL 98, 132501 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
30 MARCH 2007

0031-9007=07=98(13)=132501(4) 132501-1 © 2007 The American Physical Society
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Isospin study from 3He/3H ratio
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Simple mean field estimates for 2N-SRC
Isospin independent: n-p (T=0) dominance:
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3N-configuration

(a)

(b)

1

1

2

2

3

3

p3 = p1+p2

p1 = p2 = p3

extremely large momentum

“Star-configuration”

R ≠ 1.4 implies isospin dependence AND non-symmetric momentum sharing

(a) yields R(3He/3H) ≈ 3.0 if nucleon #3 is always the doubly-occurring nucleon
(a) yields R(3He/3H) ≈ 0.3 if nucleon #3 is always the singly-occurring nucleon
(a) yields R(3He/3H) ≈ 1.4 if configuration is isospin-independent, as does (b)
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E12-11-112: kinematics
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E12-11-112: kinematics
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E12-11-112: kinematics



Patricia Solvignon 13

E12-11-112: projected results
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isospin independence
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1.1% scale uncertainty not shown

Extraction of GMnIsospin study of SRC

In PWIA, 3He/3H with 1.5% 
uncertainty corresponds to 3% on GMn

At x>2,  3He/3H ≠ 1.4 implies isospin dependence 
AND non-symmetric momentum sharing
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EMC vs. SRC

Correlation between SRCs and EMC effect

O. Hen, et al, PRC 85, 047301 (2012)
L. Weinstein, et al., PRL 106, 052301 (2011)

J. Seely, et al., PRL103, 202301 (2009)

N. Fomin, et al., PRL 108, 092052 (2012)

JA, A. Daniel, D. Day, N. Fomin, D. Gaskell, 
P. Solvignon (in press, Phys. Rev. C)

3

FIG. 2: Left: Linear correlation between the strength of the EMC effect and the amount of 2N-SRC
in nuclei [9]. Right: Linear correlation between the strength of the EMC effect and the average
nucleon separation energy [10].

energy per proton and per neutron leads to an isospin-dependent Deep-Inelastic scattering

EMC effect and might be a natural explanation for the neutrino scattering NuTeV effect

[11]. In addition, the effect of the asymmetric energy term on the neutron star equation of

state and hence on neutrino cooling might be very significant [12].

B. Nucleon momentum distributions in light asymmetric nuclei

The results and interpretations discussed above can be confirmed in a unique way by

studying proton and neutron momentum distributions in 3He and 3H nuclei. Reliable mi-

croscopic calculations are available for both of these nuclei. Their asymmetries are larger

than those of any heavy asymmetric nucleus:

yA=3 =
N − Z

N + Z
= ±0.3 .

The high momentum part of the nuclear momentum distribution should be dominated by

the momentum distribution of the nucleons in correlated pairs. 3He and 3H both can form

two np-pairs. We therefore expect that in 3He the average kinetic energy of the neutron will

be greater than that of each proton and vice versa in 3H.

We know from prior experiments that ∼10% of nucleons in 3He are in NN -SRC pairs

[13], that np pairs are far more probable than nn or pp pairs [1, 14], and that the nucleon

momentum distribution is dominated by SRC pairs for momenta greater than some threshold

from MARATHON and the x>1experiment results combined 
(no error bar projected at this time)
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E12-11-112: Neutron Magnetic FF
Quasielastic data 

In PWIA, 3He/3H with 1.5% uncertainty corresponds to 3% on GM
n 

    * Limited to Q2≤1 GeV2, where QE peak has minimal inelastic 
contribution 
    * This is the region with ~8% discrepancy between the Anklin, Kubon 
data and the CLAS ratio and Hall A polarized 3He extractions 
 
Nuclear effects expected to be small, largely cancel in ratio 

Worlds 3H QE data: !
Q2 � 0.9 GeV2!

This experiment:!
 0.6-1.0 GeV2!

1.4,1.7 GeV2!

2.2-3.0 GeV2!
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World 3H QE data: 
Q2 ≤ 0.9GeV2

This experiment: 
0.6, 0.8, 1.0, 1.4, 1.7,  
2.4, 2.7 and 3.0 GeV2

In PWIA, 3He/3H with 1.5% uncertainty corresponds to 3% on GMn

‣  Limited to Q2 ≤ 1 GeV2, where QE peak has minimal inelastic contribution
‣ This is the region with ~8% discrepancy between the Ankin, Kubon data and 
the CLAS ratio and the Hall A polarized 3He extraction.

Nuclear effects expected to be small, largely cancel in ratio
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Summary

The x>1 experiment 

isospin dependence of  SRC from 3He/3H.  

Added QE 3He/3H kinematics to extract GMn at 0.6≤Q2≤1.0 
where disagreement between data sets is observed.  

2 Ph.D students have been identified: Dien from UVa (Day), Shujie 
Li from UNH (Solvignon) 
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