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Detector

Detector

Inclusive Measurements 
✦ Sum of Short-range correlations:  

3He/3H (2pn + pp)/(2pn + nn) (x>1) 
Ratio of pp to pn pairs assuming isospin symmetry 

✦ Access G : Effective neutron target (x=1) 
✦ Charge radius of 3H vs 3He (x=3)

n
M
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e

Both spectrometers measure electrons simultaneously  
at different kinematics

Hall A configuration 
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Kinematics coverage 

6



X>1 Physics Analysis 
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Short Range Correlations 

Nucleon Momentum 
Distribution 
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Previous Experiments 
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Precision Measurement of the Isospin Dependence in the 2N 
Short Range Correlation Region 

σ3H

σ3He
≈

2σnp

2σnp
= 1

σ3H

σ3He
=

2σnp + σnn

2σnp + σpp
→ 0.74

σp ≈ 2.43σn
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σnp = σn + σp

where



PreliminaryPreliminary

Preliminary Cross-Sections (x>1)
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H/ He Cross Section Ratio 3 3

σ3H

σ3He
≈

2σnp

σnp
= 1

σ3H

σ3He
=

2σnp + σpp

2σnp + σpp
→ 0.74

4

per-nucleon cross section ratio over the plateau region,
a2(A), quantifies the relative contribution of SRCs in the
nucleus A. We take a2 to be the weighed average for
1.4  x  1.7 in this work; the final uncertainty includes
the 0.73% (1.15%) uncertainty on the relative normal-
ization of 3H (3He) to 2H. Combining the data from 1.4
and 1.9 GeV2, we obtained a2 = 1.774 ± 0.014 for 3H
and a2 = 2.082 ± 0.025 for 3He We examined the im-
pact of varying the x region used to extract a2 and for
reasonable x ranges, the cut dependence was negligible.
Fig. 2 also shows the unweighted average of the 3H/2H
and 3He/2H ratios to provide a2 for an ‘isoscalar’ A=3
nucleus. We use the unweighted average of a2 for 3H and
3He to avoid biasing the result towards the data set with
smaller uncertainties.

FIG. 2. A/2H per-nucleon cross section ratios for A = 3H,
3He, and (3H+3He)/2 from the Q2 = 1.4 GeV2 data. The
solid lines indicate the combined a2 value from the Q2 = 1.4
and 1.9 GeV2 data sets. Error bars for the 3H and 3He ratios
represent the combined statistical and uncorrelated system-
atic uncertainty. The ‘isoscalar’ average comes from taking
the unweighted average of the 3H/2H and 3He/2H ratios and
is shown without uncertainties.

Assuming isospin symmetry, we expect an identical
number of np-SRCs for both nuclei with additional
pp (nn) SRC contributions in 3He (3H) in the SRC-
dominated region. Because the e-p elastic cross section
is significantly larger than the e-n cross section, we ex-
pect the 3He/2H ratio to be larger than the 3H/2H ratio
due to the increased contribution from the pp-SRC in
3He. A more direct measure of the relative contribution
of np-SRCs and pp(nn)-SRCs comes from a comparison
of 3H and 3He, shown in Figure 3. While the ratios
to the deuteron show a significant dip near x = 1 due
to the deuteron’s narrow QE peak, the nearly identical
QE peaks yield a smaller dip. The ratio in the SRC-
dominated region is 0.850± 0.009 for 1.4 < x < 1.7, with
a negligible cut dependence.

The inclusive cross section from 2N-SRCs is propor-
tional to the sum of quasielastic scattering from the nu-
cleons in the correlated pair. Because of the tensor com-

FIG. 3. 3H/3He cross section ratios vs. x. Q2 values are
quoted at the QE peak. Error bars represent the combined
statistical and uncorrelated systematic uncertainty. There is
an additional 1.15% normalization uncertainty (not shown).

ponent of the NN interaction, np pairs are more likely to
form 2N-SRCs than pp or nn pairs. If 3He (3H) contains
Nnp np-SRC pairs and Npp pp-SRC (nn-SRC) pairs, the
cross section ratio will be

�3H

�3He

=
Nnp�np +Npp�nn

Nnp�np +Npp�pp

, (1)

where �NN is the cross section for scattering from an
NN-SRC, taken to be proportional to the sum of the QE
scattering cross section for the two nucleons. Eq. 1 can
be rewritten such that the target ratio depends only on
the ratio of the o↵-shell elastic e-p to e-n cross section
ratio, �p/n = �ep/�en and the ratio Rpp/np = Npp/Nnp:

�3H

�3He

=
1 + �p/n + 2Rpp/np

1 + �p/n(1 + 2Rpp/np)
. (2)

For a bound nucleon, �eN is a function of both x and
Q2. We use the deForest CC1 o↵-shell prescription [32],
the proton cross section fit from Ref. [33] (without TPE
corrections) and neutron form factors from Ref. [34] to
calculate �p/n. Averaging over the 2N-SRC kinematics,
we obtain �p/n = 2.47 ± 0.05 with the uncertainty in-
cluding the range of x and Q2 of the measurement and
the cross sections uncertainties. From Eq. 2, our mea-
surement of �3H/�3He yields Rpp/np = 0.237± 0.019, i.e.

Rnp/pp = R�1
pp/np

= 4.23+0.34
�0.37 times as many np-SRCs

than pp-SRCs in 3He.
The extracted ratio of pp- to np-SRCs is more than

ten standard deviations from the simple pair-counting
estimate of Ppp/np = (Z(Z � 1)/2)/NZ = 0.5 for 3He.
It represents an enhancement of np-SRCs relative to pp-
SRCs of Rnp/pp/Pnp/pp = 2.1, demonstrating that np-
SRCs have an enhanced contribution, but that pp-SRCs
are not negligible. This supports previous observations
of np dominance, discussed below, but with significantly
improved precision and without the need to correct for
final-state interactions.

14



H/ He Interpretation3 3

σ3H

σ3He
=

Nnpσnp + Nnnσnn

Nnpσnp + Nppσpp

σnp = σn + σp

σp /σn ≈ 2.43
σ3H

σ3He
= 0.85

➡ Off-shell 
deForest cross 
section:

➡Experimental  
Cross section 
ratio:

15

➡ Assuming   Nnn(3H ) = Npp(3He)

➡where:
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➡ Assuming   Nnn(3H ) = Npp(3He)

➡where:

Nnp

Npp
= 4.23

From the cross section ratio:

From pair counting in He:3

Pnp/pp = 2

2.1 enhancement from simple np pair counting



H/ He Interpretation3 3
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Measurements of the 3He(e,e0p)/3H(e,e0p) cross section
ratio at large missing momenta (Pm) [27] can be exam-
ined in a similar fashion. The average 3He/3H cross
section ratio for 250 < Pm < 400 MeV is 1.55 ± 0.2
after applying FSI corrections (excluding single charge
exchange FSI which are expected to further modify the
target ratio [35]). Taking the cross section at large miss-
ing momentum to be proportional to the number of pro-
tons in SRCs, the cross section ratio gives Rpp/np =
0.028 ± 0.010. Triple-coincidence A(e,e0pN) measure-
ments have extracted the ratio of pp to np pairs for
heavier nuclei: Rpp/np = 0.055 ± 0.030 for 4He [15] and
Rpp/np = 0.056± 0.018 for 12C [13, 14].

FIG. 4. Ratio of np-SRCs over pp-SRCs relative to num-
ber of np and pp pairs, that is, the SRC enhancement fac-
tor Rnp/pp/Pnp/pp, for di↵erent measurements on light nu-
clei. Note that the (e,e0p) extraction for 3He does not include
charge-exchange FSI, which would be expected to modify the
extracted enhancement factor. Because the uncertainties in
Rpp/pn are large, we take the inverse of the central and ±1�
values of Rpp/np as the central and ⌥1� values for Rnp/pp.
Not shown is the measurement for 48Ca [25], which gave a
95% CL lower limit on the enhancement factor of 2.9.

Figure 4 shows the relative contribution of np- to pp-
SRCs, Rnp/pp, normalized to the simple pair counting es-
timate, Pnp/pp, to provide a measure of the enhancement
of np-SRCs relative to pp-SRCs. Note that while the
contribution of pp-SRCs in 4He is nearly 20 times smaller
than the np-SRC contribution, the 4He np-enhancement
factor is ⇠5, not 20, as the total number of pp pairs is a
4 times smaller than the number of np pairs.

Our measurement is significantly more precise than
previous results, and the comparison to 4He, 12C, and
48Ca suggests that the enhancement of np pairs at high
momentum is stronger in these nuclei. One di↵erence
is that both 3He results emphasize missing momenta
from 250-400 MeV/c, while the triple-coincidence mea-
surements on 4He and 12C are dominated by missing
momenta from 400-600 MeV/c, so these enhancement
factors are not precisely comparable. However, both
data [15] and calculations [16, 18] suggest that np domi-

nance should decrease, not increase, at larger momenta.
The reduced np-SRC enhancement in 3He could be also
related to the average distance between nucleons, which
would modify the relative importance of the di↵erent
components of the NN potential, or by the fact that nu-
cleons fill di↵erent shells in heavier nuclei, modifying the
overlap of protons and neutrons. However, the uncertain-
ties of the 4He and 12C measurements makes it di�cult
to make a precise statement about the A dependence.

In conclusion, we have presented a novel measurement
on the mirror nuclei 3H and 3He which provides a clean
extraction of the enhancement of np-SRCs, with uncer-
tainties an order of magnitude smaller than existing two-
nucleon knockout measurements. Our results are con-
sistent with the A(e,e0p) measurements for 3H and 3He,
but with much smaller uncertainties and without final-
state interaction corrections. The smaller enhancement
observed in 3He compared to heavier nuclei suggests an
unexpected and, as yet unexplained, A dependence in
light nuclei.

We acknowledge useful discussions with Alessandro Lo-
vato, Noemi Rocco, Misak Sargsian, and Mark Strik-
man and the contribution of the Je↵erson Lab tar-
get group and technical sta↵ for design and construc-
tion of the Tritium target and their support running
this experiment. This work was supported in part
by the Department of Energy’s O�ce of Science, Of-
fice of Nuclear Physics, under contracts DE-AC02-
05CH11231, DE-FG02-88ER40410, DE-SC0014168, DE-
FG02-96ER40950, and DE-SC0014168, the National
Science Foundation, and DOE contract DE-AC05-
06OR23177 under which JSA, LLC operates JLab.
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• Additional data at low Q2 

• Additional data at x>2 

• Theoretical calculations are underway 
Noemi Rocco (Fermilab) 
Alessandro Lovato (Argonne Lab) 
Misak Sargsian (FIU) 

Future Work
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Expectations 
 1+ Publication of the theoretical interpretation. 

1 arXiv paper with  extracted cross sections 



X=1 Physics Analysis 
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Lightest nuclei are used  
for neutron measurements

2H 3He
Neutron measurements include: 

 QE
polarization experiments

3 ⃗He( ⃗e , e′ )

 QE
Vector-polarized deuterium 

2 ⃗H( ⃗e , e′ )  
, 

2H(e, e′ ) − p(e, e′ )
2H(e, e′ p) 2H(e, e′ n)

 QE ratio
2H(e, e′ p)
2H(e, e′ n)

Accessing to neutrons

21



Lightest nuclei are used  
for neutron measurements

2H 3He

Accessing to neutrons

If measuring neutrons (no charge):
• Energy information from time of flight
• Requires precise measurement of 

neutron detection efficiencies

Measurement Corrections:
• Reaction mechanisms FSI and MEC
• Nuclear structure

22



( dσ
dΩ )

n
= ( dσ

dΩ )
Mott

1
1 + τ ((Gn

E(Q2))2 +
τ
ε

(Gn
M(Q2))2)

How well do we know the magnetic  
form factor?

Neutron cross section
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CLAS Collaboration. Phys.Rev.Lett. 102 (2009) 

Current Status of Gn
M
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CLAS Collaboration. Phys.Rev.Lett. 102 (2009) 
High precision measurements in the 
0.5 <  region have ~8% 
discrepancy

Q2 < 1

Current Status of Gn
M
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Region of interest

Measure the neutron magnetic 
form factor using the  

 cross-section ratios3H/3He

E12-11-112 Goal
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PreliminaryPreliminary
Preliminary Preliminary

Preliminary Cross Sections

Theory calculations courtesy of N. Rocco (Fermilab) and A. Lovatto (Argonne Lab) 

H3 He3
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σ3H ∼ 2σn + σp

R =
σ3H

σ3He
∼

2σn + σp

σn + 2σp

σn ∼
1 − 2R
R − 2

σp

(Gn
M)2 ∼

ϵ
τ [ 1 − 2R

R − 2
σp

1 + τ
σmott

− (Gn
E)2]

G  extraction without medium correctionsn
M

28

σ3He ∼ σn + 2σp



(Gn
M)2 ∼

ϵ
τ [ 1 − 2R

R − 2
σp

1 + τ
σmott

− (Gn
E)2]

G  extraction without medium correctionsn
M

Preliminary
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Current Work

Preliminary

Finalize the final 
version of this plot after 

medium corrections. 

30

Expectations 
 1 form factor publication  
1 arXiv paper with  extracted cross sections 



Sources Normalization (%) Point-to-Point (%) Normalization (%) Point-to-Point (%)

Beam Energy —- 0.5 - 1 —- —-

Scattering Angle 0.6 0.2 —- —-

Momentum 1-3 —- —-

Tracking Efficiency 0.2 0.1 —- —-

Acceptance —- 0.1-1.5 —- —-
Efficiencies/Trigger/

Livetime —- 0.01-0.1 —- —-

He contamination <0.3 <0.3

Radiative Corrections 1 0.4-0.4 —- —-

Endcap Contamination 0.07 0.1-0.3 0.1 0.1-0.3

Charge 0.5 —- 0.1 —-

Boiling 0.3, 0.4 —- 0.2 —-

Target Thickness 0.3-1 —- 1.04
—- 

Hydrogen Contamination** 0.2 —- 0.2 —-

Cross-Section Ratios

Uncertainties
1 ≤ x ≤ 2

31
** Only in the Fall kinematics

Total ~ 1.15
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X=3 Physics Analysis 
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( 
𝑑𝜎
𝑑𝛺

 )
𝑒𝑥𝑝.

=      ( 𝑑𝜎
𝑑𝛺 )

𝑀𝑜𝑡𝑡
 [ 𝐹2

𝑐h + 𝜏𝐹2
𝑀

1 + 𝜏
+ 2𝜏𝐹2

𝑀𝑡𝑎𝑛2(
𝜃
2

)]
.

Elastic Scattering
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( 
𝑑𝜎
𝑑𝛺

 )
𝑒𝑥𝑝.

=      ( 𝑑𝜎
𝑑𝛺 )

𝑀𝑜𝑡𝑡
 [ 𝐹2

𝑐h + 𝜏𝐹2
𝑀

1 + 𝜏
+ 2𝜏𝐹2

𝑀𝑡𝑎𝑛2(
𝜃
2

)]
.

Elastic Scattering

E12-11-112  
Measurement
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The charge form factor can be described by :

Extracting  the charge radius in the limit  q 0:2→ ⟨𝑟2⟩ ≡ −6 ℏ2 𝑑𝐹(𝑞2)
𝑑𝑞2

𝑞2=0

35



⟨𝑟2⟩ ≡ −6 ℏ2 𝑑𝐹(𝑞2)
𝑑𝑞2

𝑞2=0

Goal: Extract the H charge radius 
Current experimental results:  large uncertain2es, discrepancies!

3

36

ΔRRMS = 0.20(10)

<r2
rms>3H <r2

rms>3He

GFMC 1.77(1) 1.97(1)
χEFT 1.756(6) 1.962(4)
SACLAY 1.76(9) 1.96(3)
BATES 1.68(3) 1.97(3)
Atomic  -------- 1.959(4)

ΔRRMS = 0.29(04)



Extracting the H Charge Radius3

3H/3He ratio will be used to normalize ( H) with smaller 
normalization uncertainty (expected ~1.5%)                   

σ 3

( He) will be compared with world data. σ 3

Perform a Global fit to the world H data after including 
the  Q  = 0.11 GeV   point and extrapolate to q 0.                

3

2 2 2→

Q  = 0.11 GeV   2 2
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Data vs SIMC

dθ dϕ

z − vertex xbj

Yi
el
d 

[μ
C

]−
1

Yi
el
d 

[μ
C

]−
1

Yi
el
d 

[μ
C

]−
1

Yi
el
d 

[μ
C

]−
1

Hydrogen Check
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H3

Data vs SIMC
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• Data is calibrated and Yields were extracted successfully.


• Simulation and Data comparisons are being optimized. 


• Systematic uncertainties are under review. 


Next…


• Cross section ratios extraction 


• Global fit analysis

Status and Future Work

40

Expectations:  1  H charge radius 
 Publication

3



Summary
4

per-nucleon cross section ratio over the plateau region,
a2(A), quantifies the relative contribution of SRCs in the
nucleus A. We take a2 to be the weighed average for
1.4  x  1.7 in this work; the final uncertainty includes
the 0.73% (1.15%) uncertainty on the relative normal-
ization of 3H (3He) to 2H. Combining the data from 1.4
and 1.9 GeV2, we obtained a2 = 1.774 ± 0.014 for 3H
and a2 = 2.082 ± 0.025 for 3He We examined the im-
pact of varying the x region used to extract a2 and for
reasonable x ranges, the cut dependence was negligible.
Fig. 2 also shows the unweighted average of the 3H/2H
and 3He/2H ratios to provide a2 for an ‘isoscalar’ A=3
nucleus. We use the unweighted average of a2 for 3H and
3He to avoid biasing the result towards the data set with
smaller uncertainties.

FIG. 2. A/2H per-nucleon cross section ratios for A = 3H,
3He, and (3H+3He)/2 from the Q2 = 1.4 GeV2 data. The
solid lines indicate the combined a2 value from the Q2 = 1.4
and 1.9 GeV2 data sets. Error bars for the 3H and 3He ratios
represent the combined statistical and uncorrelated system-
atic uncertainty. The ‘isoscalar’ average comes from taking
the unweighted average of the 3H/2H and 3He/2H ratios and
is shown without uncertainties.

Assuming isospin symmetry, we expect an identical
number of np-SRCs for both nuclei with additional
pp (nn) SRC contributions in 3He (3H) in the SRC-
dominated region. Because the e-p elastic cross section
is significantly larger than the e-n cross section, we ex-
pect the 3He/2H ratio to be larger than the 3H/2H ratio
due to the increased contribution from the pp-SRC in
3He. A more direct measure of the relative contribution
of np-SRCs and pp(nn)-SRCs comes from a comparison
of 3H and 3He, shown in Figure 3. While the ratios
to the deuteron show a significant dip near x = 1 due
to the deuteron’s narrow QE peak, the nearly identical
QE peaks yield a smaller dip. The ratio in the SRC-
dominated region is 0.850± 0.009 for 1.4 < x < 1.7, with
a negligible cut dependence.

The inclusive cross section from 2N-SRCs is propor-
tional to the sum of quasielastic scattering from the nu-
cleons in the correlated pair. Because of the tensor com-

FIG. 3. 3H/3He cross section ratios vs. x. Q2 values are
quoted at the QE peak. Error bars represent the combined
statistical and uncorrelated systematic uncertainty. There is
an additional 1.15% normalization uncertainty (not shown).

ponent of the NN interaction, np pairs are more likely to
form 2N-SRCs than pp or nn pairs. If 3He (3H) contains
Nnp np-SRC pairs and Npp pp-SRC (nn-SRC) pairs, the
cross section ratio will be

�3H

�3He

=
Nnp�np +Npp�nn

Nnp�np +Npp�pp

, (1)

where �NN is the cross section for scattering from an
NN-SRC, taken to be proportional to the sum of the QE
scattering cross section for the two nucleons. Eq. 1 can
be rewritten such that the target ratio depends only on
the ratio of the o↵-shell elastic e-p to e-n cross section
ratio, �p/n = �ep/�en and the ratio Rpp/np = Npp/Nnp:

�3H

�3He

=
1 + �p/n + 2Rpp/np

1 + �p/n(1 + 2Rpp/np)
. (2)

For a bound nucleon, �eN is a function of both x and
Q2. We use the deForest CC1 o↵-shell prescription [32],
the proton cross section fit from Ref. [33] (without TPE
corrections) and neutron form factors from Ref. [34] to
calculate �p/n. Averaging over the 2N-SRC kinematics,
we obtain �p/n = 2.47 ± 0.05 with the uncertainty in-
cluding the range of x and Q2 of the measurement and
the cross sections uncertainties. From Eq. 2, our mea-
surement of �3H/�3He yields Rpp/np = 0.237± 0.019, i.e.

Rnp/pp = R�1
pp/np

= 4.23+0.34
�0.37 times as many np-SRCs

than pp-SRCs in 3He.
The extracted ratio of pp- to np-SRCs is more than

ten standard deviations from the simple pair-counting
estimate of Ppp/np = (Z(Z � 1)/2)/NZ = 0.5 for 3He.
It represents an enhancement of np-SRCs relative to pp-
SRCs of Rnp/pp/Pnp/pp = 2.1, demonstrating that np-
SRCs have an enhanced contribution, but that pp-SRCs
are not negligible. This supports previous observations
of np dominance, discussed below, but with significantly
improved precision and without the need to correct for
final-state interactions.
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1 Submitted publication 
1+ Publication of the theoretical interpretation + x>2 data. 
1 arXiv paper with  extracted cross sections

 1 Form factor publication  
1 arXiv paper with  extracted cross sections 

1  H charge radius Publication3
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