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Looking through the isospin mirror…
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Nucleon-nucleon interaction

Crucial for:

q Ab-Initio structure & reaction calculations

q Dense astrophysical objects, e.g. neutron stars
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Nucleon-nucleon interaction

Need to put these models to test
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Testing NN models and Reaction-Mechanism

q Measure nucleon-knockout QE cross-section 
(e,e’p)

q Compare to calculation using different NN models 
and reaction-mechanism 



Why A=3?

Ø Proton in 3He = Neutron in 3H

Ø Better constraints on reaction mechanism 
and ground-state wave function 
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3-Body system:

Why Tritium?

Ø Exactly calculatable

Ø Nuclear environment effects

Ø Ideal for Test & benchmark theory



Tritium Program (2018) at Hall A JLab
Tritium experiments and publications
q E12-11-103: Marathon F2n/p, EMC : DIS(e,e’)

§ PRL 128 (2022)

q E12-11-112: Isospin Dependent of SRC QE(e,e’)
§ Nature 609 (2022)

q E12-17-003: nnL hypernuclei
§ PRC 105 (2022)

q E12-14-011: High momentum nucleon distribution QE(e,e’p)
§ PLB 797 (2019)
§ PRL  124 (2021)
§ PLB 831 (2022) 

See S. Li’s talk 
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In this talk:

qImpact of A=3 (e,e’p) results in hall A

qNew Tritium Program in Hall B
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2018 Hall-A Tritium (e,e’p) Experiment 

Left HRS

Right HRS
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High Q2: PWIA factorized approximation
𝑑!𝜎

𝑑𝜔𝑑𝐸"𝑑Ω#𝑑Ω"
= 𝐾 𝜎#" 𝑆( 𝑃$ , 𝐸$)

PWIA approximation:

𝜎!%#(#,#!")

𝜎!%(#,#!")
≈
𝑆!%#( )" ,*")
𝑆!%( )" ,*")

𝒑$ ~ 𝒑+$,, = 𝒑- − 𝒒

Complications:



Choosing Kinematic: Minimizing non-QE mechanisms

Q! > 2 GeV!x" =
Q!

2m#ω
> 1

Figure courtesy of Misak Sargsian 

See Carlos Yero and Misak Sargsian’s talks



2018 Hall A Tritium (e,e’p) Expt.

0               100               200              300              400            500
Nucleon Momentum [MeV/c]

2

1

Nucleon Counting

SRC np-dominance

n 3
He

(k
)/

n 3
H
(k

)
He3: 2 protons, 1 neutron
H3: 1 proton, 2 neutrons

He3: 2pair np
H3: 2 pairs np

See the talk from Nadia, Shujie, Florian, Justin for SRC part



3He/3H ratio was more interesting 
than expected. 

Figure 5: The measured 3He to 3H cross-section ratio, �3He(e,e0p)/�3H(e,e0p)(pmiss), plotted vs.
pmiss compared with di↵erent models of the corresponding momentum distribution ratio [19].
The filled circle and square markers correspond to the low and high pmiss settings, respectively.
Uncertainties shown include both statistical and point-to-point systematical uncertainties.
The overall normalization uncertainty of about 1.8% is not shown. Horizontal bars indicate
the bin sizes and are shown for only the first and last points in each kinematical setting as all
other points are equally spaced. The bottom panel shows the double ratio of data to di↵erent
calculated momentum distribution ratios, with the grey band showing the data uncertainty.
The theoretical calculations are done using di↵erent local and non-local interactions, as well
as di↵erent techniques for solving the three-body problem.

momentum [34,35] show a transition from 300  pi  600 MeV/c, where there are far more np than
pp pairs, to 600  pi  1000 MeV/c, where the relative number of np and pp pairs is determined by
simple counting (see Figs. 7 and 8). This shows the transition from a spin-dependent (tensor) NN

interaction to a spin-independent (scalar) interaction at high momentum.
We can describe these SRC pairs using the newly developed generalized contact formalism (GCF).

The GCF exploits the scale separation between the strong interaction between the nucleons in an
SRC pair and the pair’s weaker interaction with its surroundings [32, 36, 37]. Using this scale
separation, the two-nucleon density in either coordinate or momentum space (i.e., the probability
of finding two nucleons with relative and c.m. momenta q and Q respectively, or with separation
r and distance R from the nucleus c.m. [38]) can be expressed at small separation or high relative
momentum as [37]:

⇢
A
↵,NN (R, r) = C

A
↵,NN (R)⇥ |'↵

NN (r)|2,
n
A
↵,NN (Q, q) = C̃

A
↵,NN (Q)⇥ |'̃↵

NN (q)|2, (1)

where A denotes the nucleus, NN the nucleon pair (pn, pp, nn), and ↵ stands for the quantum
state (spin 0 or 1). '

↵
NN are universal two-body wave functions, given by the zero-energy solution

of the two-body Schrödinger equation, and '̃
↵
NN are their Fourier transforms. '↵

NN are universal in
the weak sense, i.e., they are nucleus independent but not model independent. Nucleus-dependent
“nuclear contact coe�cients” are given by

C
A
↵,NN ⌘

Z
dR C

A
↵,NN (R),

C̃
A
↵,NN ⌘ 1

(2⇡)3

Z
dQ C̃

A
↵,NN (Q), (2)

and define the number of NN -SRC pairs in nucleus A.
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R. Cruz-Torres et al., PLB 797 134890 (2019) 



We extracted absolute cross-sections.
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Compare to different theory calculation

16

CK + CC1:

q 3He spectral function 
of  C. Cio degli Atti
and L. P. Kaptari and 
electron off-shell 
nucleon cross-section

q Including FSI23

Cracow:

q Faddeev-formulation-
based calculations

q Continuum 
interaction between 
two spectator 
nucleons (FSI23)

M. Sargian (FSI):

q FSI calculation based 
on generalized Eikonal
approximation

qDoes not include 
FSI23, FSI od struck 
nucleon



Absolute Cross Section Results



Absolute Cross Section Results



Absolute Cross Section Results

This result validates current models of the ground state of 
the three-nucleon system up to very high initial nucleon 
momenta of 500 MeV/c



Lessons from Hall A Measurement
qAnti-parallel kinematics reduce the effects of FSIs.

qNeed absolute cross-sections!

qNeed both 3He and 3H (and deuterium too!)
§ Isoscalar sum

Bring Tritium target to Hall B to explore

Ø Push Pmiss to 1000 MeV

Ø Cover a broad range of kinematics



CLAS12 Detector: Large acceptance Spectrometer



CLAS-12 lets us vastly exceed 
reach of Hall A measurement.

Figure 18: Left: The general phase space acceptance for electrons in the CLAS12 detector at
minimum angles greater than 10�for an electron beam of 6.6 GeV. Right: The distribution of
minimum accessible Q2 for an incident 6.6 GeV electron beam for the selection criterion listed
in Table 1. This distribution is generated using the GCF AV18 interaction and the z�axis
units are arbitrary.

Figure 19: The inclusive rate is shown for a 2.2 GeV electron beam as a function of accessible
Q2. The minimum angle here is 10�. The Q2 range is truncated at 2 GeV2/c2 beyond which
we will not extract Gn

M .

and 3He should be similar at large pmiss. Deuterium has approximately half the number of SRC
pairs compared to 3H (and therefore, half of the statistics at high missing momentum for the same
run time). We require deuterium to constrain FSIs in order to better calculate reactions on A = 3
nuclei. Deuterium having 25% statistics (compared to 3H) in the high missing momentum regime is
su�cient for this experiment. Therefore, we request 10 days of running on deuterium. We will use
hydrogen to optimize our calibration and measure the absolute cross section for e�ciency studies
and systematic e↵ects. Table 2 includes 1 day (3 shifts or 0.5 PAC days) of overhead for each target
change.

The field will be in the electron out-bending configuration for the 2.2 GeV beam running and
will be in the electron in-bending configuration for the 6.6 GeV beam energy run. We include one
pass change from 2.2 GeV beam energy to 6.6 GeV beam energy that should take half of a shift.

For the A(e, e0p) reaction specifically, we anticipate the statistics for the requested beam time in
the high missing momentum regime as shown in Figs. 11 and 12, which will enable us to discern be-
tween various theoretical models. This experiment uniquely accesses this regime with high statistics

21

• Acceptance takes advantage of limited target 
luminosity.
• Kinematic coverage to study:
• Q2-dependence
• xB-dependence
• 𝜃"9-dependence
• Higher pmiss

• Wider Emiss

Hall A

xB

Q2

Inclusive Phase Space

22



CLAS-12 lets us vastly exceed 
reach of Hall A measurement.

23Cuts: Fiducial Acceptance, xB > 1.4, Pmiss > 0.15
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CLAS-12 lets us vastly exceed 
reach of Hall A measurement.

24Cuts: Fiducial Acceptance, xB > 1.4, Pmiss > 0.15
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A=3:  Helium-3 + Tritium @ CLAS12

q Quasielastic on A = 3

q (e,e’p): Few-Body nuclear Structure

q (e,e’pN): SRCs

q (e,e’): Neutron form factor
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q Unique test of:
§ few-body nuclear 

structures.
§ Short-range NN 

interaction
§ Reaction mechanisms
§ Final-state effects!

q CLAS12: 
x0.1 luminosity
x100 acceptance 
=> x10 statistics +  larger 

kinematical coverage!

(e,e’p): Few-body nuclear structure
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q Unique test of:
§ few-body nuclear 

structure.
§ Short-range NN 

interaction
§ Reaction mechanisms
§ Final-state effects!

q CLAS12: 
x0.1 luminosity
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=> x10 statistics +  larger 

kinematical coverage!

(e,e’p): Few-body nuclear structure
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Hall A
coverage
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qCLAS acceptance will allow 
multi-nucleon detection!

q Further suppression of 
final-state effects!

q Detailed map of isospin 
structure of short-range 
NN interaction

(e,e’pN): SRCs
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A. Schmidt et al.
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A. Schmidt et al., Nature (2020)
I. Korover et al., Submitted (2020)
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Projected

3H(e,e’pn)/3H(e,e’p)



• 3He(e,e’) / 3H(e,e’) @ xB = 1 sensitive to 𝜎n / 𝜎p
• Measured @ Hall A \w limited Q2 coverage

• CLAS12 reaches down to Q2 = 0.1
• Probe region of data/theory discrepancies
• Systematic errors orthogonal to those from other techniques
• Only need 2 days at 2.2 GeV!

(e,e’): Neutron Form Factor
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Summary
• A=3 is a vital system!

• Test nuclear calculations in few-body regime
• Calculable nuclei
• Extreme p/n asymmetry
• Constrain reaction effects

• Probe short-range NN interaction
• Pin down GM

n

• Need both 3He and 3H!

• Proposed experiment
• CLAS-12 in standard configuration
• Open e– trigger
• 60 days on 3He, 3H, d at 6.6 and 2.2 GeV.
• New target system!

Results of quasi-elastic studies in Tritium

Dien Nguyen

Joint Halls A/C Summer Meeting 2020
1
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This measurement will produce many 
high-impact results!
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• determine the isospin of SRC pairs at di↵erent momenta,

• measure G
n
M at low and moderate Q

2

All of these goals are crucial for our understanding and interpretation of the dynamics in nuclei
and will refine theory predictions for heavier nuclear systems. The inclusion of deuterium data
will complement the measurements on 3He and 3H and are critical to the evaluation of non-QE
contributions in the measured cross sections and observables. (Note that both the NN interaction
and wave function are model dependent quantities. Unitary transformations can shift strength from
the operator to the wave function and vice versa.)

3.1 NN interaction
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Figure 10: The factorized absolute cross section calculations using the Ciofi degli Atti and
Kaptari spectral function together with the DeForest CC1 o↵-shell cross section are shown
for both 3He(e, e0p) and 3H(e, e0p) for the AV18 and CD-Bonn NN interactions, separately.
Our projected data points are shown by the black circles including our estimated statistical
uncertainty and a 5% point-to-point systematic uncertainty (which are smaller than the data
points).

We will measure QE absolute cross sections for (e, e0p) on both 3He and 3H to constrain NN

interaction models. We will measure over a wide range of xB and Q
2 with pmiss up to ⇡ 1 GeV/c.

The (e, e0p) cross sections will be compared to nuclear theory predictions using a wide variety of
techniques and NN interactions in order to constrain the NN interaction at short distances.

Fig. 10 shows a factorized calculation of the absolute 3He(e, e0p) and 3H(e, e0p) cross sections
using the 3He spectral function of C. Ciofi degli Atti and L. P. Kaptari including the continuum
interaction of the two spectator nucleons [49] and the �cc1 electron o↵-shell nucleon cross section [5]
using both the AV18 [50] and CD-Bonn [51] NN interactions. Due to the lack of 3H proton spectral
functions, we assume isospin symmetry and use the 3He neutron spectral function. The expected
uncertainties are smaller than the points.

Our cross section measurements will significantly extend the Hall A tritium measurements. The
cross sections measured in Hall A along with our projected measurement in this proposal are shown
in Fig. 11 and are compared to di↵erent PWIA calculations.

The proposed measurements we describe are shown as the black triangles in Fig. 11 along with
the anticipated statistical and 5% point-to-point systematic uncertainties. The estimated statistical
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Figure 11: Left: The 3He(e, e0p) experimental cross sections from Ref. [20] are shown with our
proposed measurement (black triangles with statistical (black) and a 5% point-to-point sys-
tematic (red) uncertainty - the uncertainties are not combined). Right: The 3H experimental
cross sections from Ref. [20] are shown with our proposed measurement.

uncertainty is based on the proposed running in Table 2. We will make significant contributions for
all pmiss up to 1 GeV/c.

The isoscalar sum of the 3He and 3H cross sections compared to PWIA calculations are shown
in Fig. 12. This sum reduces the contributions from SCX and improves our sensitivity in evaluating
the NN ground state. Furthermore, our measurement will be the first to evaluate calculations of
these nuclei up to pmiss of 1 GeV/c.

3.2 Formation mechanisms and isospin dependence of SRC pairs

We will measure the (e, e0pN) quasi-elastic reaction cross sections and the (e, e0pN)/(e, e0p) ratios
to understand SRC NN pairs in the simplest non-trivial system. For struck protons belonging to
an SRC pair, the partner nucleon should be ejected at high momentum and the third, spectator
nucleon, should have lower momentum ~p3 = ~pcm where ~pcm is the center of mass momentum of
the correlated pair. We will measure how the fraction of (e, e0pp) /(e, e0p) events (the fraction of
pp SRC pairs) changes with pmiss. This fraction should increase with increasing pmiss and show us
the transition from the tensor to scalar-dominated regimes of the NN interaction. Similarly, the
(e, e0pn) /(e, e0p) fraction should decrease with pmiss.

As described in the Section 2, we can exploit the scale separation utilized by the GCF which
describes the measured momentum distributions of nuclei for (e, e0p) , (e, e0pp) and (e, e0pn) reactions
and makes predictions for di↵erent NN interactions. In this proposal, we will extract the contact
terms for 3He and 3H. Using the GCF, we can predict the (e, e0pp) /(e, e0p) and (e, e0pn)(e, e0p) cross
section ratios using di↵erent NN interactions as shown in Fig. 13.

The advantage of measuring A = 3 nuclei versus heavier nuclei as in many previous SRC ob-
servations is that the characteristics of these nuclei are exactly calculable. As shown in Fig. 13, we
will extend the missing momentum range probing the NN interactions in nuclei at extremely short
distances. The spin-1 pn are dominant at high pmiss, but this experiment will uniquely enable us to
explore the 20-times less common spin-0 pp pairs. We can measure the center-of-mass momentum
distributions of the pp and pn pairs, the relative momentum of the pp and pn pairs, and we can
quantify the relationship between the relative and center-of-mass momentum. Importantly, all of
these quantities are precisely calculable in A = 3 nuclei (for a given NN potential).

3.3 Neutron magnetic form factor, Gn
M

This experiment will measure G
n
M at low (Q2

< 1 [GeV/c]2) and moderate-range Q
2. This mea-

surement will use inclusive electron scattering from 3H and 3He targets at 2.2 and 6.6 GeV electron
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Figure 12: The ratio of the measured total 3He+ 3H cross sections relative to the Cracow
PWIA and the Sargsian calculation that include FSI described in Ref. [20]. The projection of
our measurement is shown by the black solid points where black error bar and red error bars
are statistical and a 5% point-to-point systematic uncertainty, respectively.

beam running. For the run period proposed in Table 2, we anticipate the statistics shown in Fig. 14.
Fig. 14 shows the anticipated kinematic coverage and statistical uncertainty of the proposed

experiment’s extraction of Gn
M . In only one day of running on each target at 2.2 GeV, the proposed

experiment will be able to thoroughly cover the kinematic region of Q2
< 1 [GeV/c]2, exactly where

there are discrepancies between the measurement from Hall A [45] and previous measurements, and
where GPD and cloudy-bag theory begin to diverge. In addition, running at 6.6 GeV will have
Q

2 overlap with the 2.2 GeV data and will be able to extend the Q
2 coverage. Extracting G

n
M

from inclusive quasi-elastic data much above Q
2 = 2 [GeV/c]2 will become di�cult because of the

increasing inelastic background. However, this region will be well-covered by CLAS12’s run group
B and at higher Q

2 by the Super-Big Bite program (both experiments using traditional scattering
on deuterium), and is, therefore, not the focus of this proposal. Our measurements will complement
these other experiments.

4 Proposed Measurement I: Quasi-elastics

4.1 Reaction mechanisms and event selection

4.2 A(e, e0p) formalism

Assuming factorization, the cross-section for electron-induced proton knockout from nuclei A(e, e0p)
can be written as:

d
6
�

d!dEmissd⌦ed⌦p
= K�epS

D(Emiss, Pmiss) (4)

where ⌦e and ⌦p are the electron and proton solid angles, respectively. �ep is the cross-section for
scattering an electron from a bound proton [5]. SD(Emiss, Pmiss) is the distorted spectral function.
In the absence of final state interactions (FSI), S is the nuclear spectral function that defines the
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