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Spectral functions are ground state distributions

of both momentum and separation energy.

Spectral Function: S(p⃗m,Em)

Missing momentum: p⃗m = ±(q⃗ − p⃗N)
Missing energy: Em = ω − TN − TA−1

Em = mN −mA +mA−1
= mN −mA +

√
E2A−1 − p2A−1

= mN −mA +
√
(ω +mA −mN)2 − p2m

In this convention, missing energy is fixed when A− 1 system is left
intact in a state of fixed energy.
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Example spectral function for 12C
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Spectral functions from Contact Formalism

was a big breakthrough for SRC research.

S(p⃗m,Em) =
∑
α

Cα·
1

4π

∫
d3p⃗2
(2π)3

|ϕ̃α(p⃗rel.)|2 Pα (p⃗m + p⃗2) δ(Em−E ′m(p⃗2))

R. Weiss et al., PLB 791, p. 242 (2019)
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Plane Wave Impulse Approximation

Quasi-elastic (e, e ′p) scattering:

d6σ

dΩedEedΩNdEn
= pNEN · σeN · SN(p⃗m,Em)

σeN : single-nucleon cross section (e.g., deForest σcc1)

SN(p⃗m,Em): spectral function for nucleon of type N
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In my talk today:

(e, e ′) from 3He and 3H
Sizeable low-Em contribution at high xB
Schmidt, Denniston, Seroka et al., PRC 109, 054001 (2024)

Two-body spectral function for recoil tagging in 4He

Different off-shell modification functions lead to

Ratliff, Schmidt, EPJA 60:5 (2024)

Spectral functions from Quantum Monte Carlo

A word of caution about SRC contributions

. . . and what I think should be done.
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The A = 3 system is a very interesting test case.

Isospin-1/2 doublet: 3He and 3H (tritium)

Huge proton-neutron asymmetry

Relatively easy to make calculations

Problem: tritium is radioactive
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Jefferson Lab Hall A Tritium Run (2017–2018)

Experiments:

MARATHON (F n2 /F
p
2 )

Inclusive x > 1

(e, e ′p)

Targets:
3H, 3He, d, p

Sealed cell design

High-Res. Spectrometers

6.7 msr ang. acc.

±4.5% mom. acc.
∆p/p ∼ 10−4
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We saw surprisingly high (e, e ′p) 3He/tritium
ratios.Jefferson Lab Hall A Tritium Collaboration / Physics Letters B 797 (2019) 134890 5

pmiss of about 270 MeV/c. By contrast, the 3He/3H ratio is about 
three at the smallest measured pmiss and decreases to about 1.5 at 
pmiss ≈ 250 MeV/c, with a possible rise after that. This is consistent 
with the low-pmiss expectation of 2.5 to 3 and slightly higher than 
the SRC-based high-pmiss expectation of one. The change in the ra-
tios is much smaller than the four order-of-magnitude decrease in 
the calculated momentum distributions (see online supplementary 
information).

Both measured 3He/d and 3H/d ratios are about 20% larger than 
the PWIA spectral-function based SIMC calculation. This indicates 
that FSI effects are the same for both ratios. For the same miss-
ing momentum range, the measured and calculated 3He/3H ratios 
agree within the measurement accuracy of about 3%. This is a 
clear indication for cancellation of FSI effect in the 3He/3H ratio. 
At higher missing-momentum (pmiss > 250 MeV/c), the measured 
3He/3H ratios are about 20 − 50% larger than the calculation.

To extract the experimental cross-section ratio, σ3He(e,e′ p)/
σ3H(e,e′ p)(pmiss), we corrected the measured yield ratios using 
SIMC for radiative and bin-migration effects as well as for the finite 
Emiss acceptance of the spectrometers. The finite Emiss correction 
equals the calculated momentum distribution ratio divided by the 
calculated ratio of spectral functions integrated over the missing 
energy acceptance. The individual and total corrections were all 
less than 10% for all pmiss values. We apply a point-to-point sys-
tematic uncertainty of 20% of the resulting correction factors. See 
Table 1 and online supplementary material for details.

We also calculated the final state interaction effects of single 
rescattering of the knocked-out proton with either of the two other 
nucleons in the three-body-breakup reaction in the generalized 
Eikonal approximation [47,48] using a computer code developed 
by M. Sargsian [49]. For each bin we calculated both the PWIA and 
FSI cross section and integrated over the experimental acceptance. 
FSI changed the individual 3He and 3H(e, e′ p) cross-sections by be-
tween 10% and 30%. However, they largely cancelled in the double 
ratio

R F S I = σF S I/σP W I A |3He

σF S I/σP W I A |3H
, (5)

producing at most a 5% effect at the highest pmiss . This reinforces 
the claim that FSI effects are very small in the cross-section ra-
tio. We did not correct the data for FSI. See online supplementary 
materials for more information.

We tested the cross section factorization approximation by 
comparing the factorized spectral function approach used in SIMC 
with an unfactorized calculation by J. Golak [50–52]. The difference 
between the factorized and non-factorized calculations was about 
5%, which is not enough to explain the data-calculation discrep-
ancy at high pmiss .

Fig. 3 shows the pmiss dependence of the extracted 3He/3H
(e, e′ p) cross-section ratio. In the simplest model, this ratio should 
equal two, the relative number of protons in 3He and 3H. However, 
at large pmiss the ratio should equal one, the relative number of np
SRC pairs in 3He and 3H [53–61]. These SRC pairs will shift equal 
amounts of cross-section strength from low pmiss to high pmiss in 
both nuclei, increasing the 3He to 3H ratio at low pmiss to more 
than two. The measured ratio follows this simple model of a tran-
sition from independent nucleons at the lowest pmiss to np-SRC 
pairs at higher pmiss , decreasing from almost three at low pmiss
towards about 1.5 at pmiss = 250 MeV/c. At larger pmiss the mea-
sured ratio is approximately flat, with a possible rise at the largest 
pmiss .

With the missing-energy acceptance correction for 3He/3H and 
the small expected FSI effects, the resulting cross-section ratios 
should be sensitive to the ratio of momentum distributions. We 

Fig. 3. The measured 3He to 3H cross-section ratio, σ3He(e,e′ p)/σ3H(e,e′ p)(pmiss), plot-
ted vs. pmiss compared with different models of the corresponding momentum 
distribution ratio. 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 (see Table 1). 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 differ-
ent calculated momentum distribution ratios, with the grey band showing the data 
uncertainty. The theoretical calculations are done using different local and non-local 
interactions, as well as different techniques for solving the three-body problem. See 
text for details.

therefore compare in Fig. 3 the measured cross-section ratios di-
rectly with the ratio of various single-nucleon momentum dis-
tributions. The momentum distribution calculations are obtained 
using either the variational Monte Carlo (VMC) technique with 
local interactions [46,62] or the Hyperspherical Harmonics (HH) 
method [63,64] with non-local interactions.

The local interactions used include the phenomenological 
AV18 [2] two-nucleon potential augmented by the Urbana X 
(UX) [65] three-nucleon force and the chiral EFT potentials at N2LO 
(including two- and three-body contributions), using a coordinate-
space cutoff of 1 fm and different parametrizations of the three-
body contact term Eτ and E1 [10,66–69]. Non-local interactions 
include the meson-theoretic CD-Bonn [70] two-nucleon potential, 
together with the Tucson-Melbourne [71] (TM) three-nucleon po-
tential, or the latest chiral two-body potentials from NLO to N4LO 
[72], including three-nucleon interactions. The main contribution 
to the latter, namely the one arising from two-pion exchange, is 
effectively included at the same chiral order as the two-nucleon 
interaction, as explained in Refs. [64,72]. In these calculations, the 
momentum-space cutoff # is kept fixed at 500 MeV. The VMC cal-
culations using the AV18 and UX interactions produce equivalent 
results as the HH calculations using the AV18 plus Urbana IX [73]
interactions.

For completeness, Fig. 3 also shows the momentum-distribution 
ratio calculated by integrating over the missing energy in the spec-
tral functions of Ref. [42] and Ref. [74], obtained using the AV18 
two-nucleon only and the AV14 [75] two- and the Urbana VIII [76]
(UVIII) three-nucleon interactions, respectively.

All calculated momentum-distribution ratios shown agree with 
the data up to pmiss ≈ 250 MeV/c. At larger pmiss , the theoreti-
cal predictions obtained by integrating the spectral functions or by 
calculating the momentum distribution ratio with local potentials 
or with the CD-Bonn/TM model disagree with the data by 20–50%. 
In the case of the non-local chiral potential models, the calcula-
tions show significant order dependence.

Note that, while momentum distributions calculated with local 
chiral-interactions depend strongly on the cutoff parameter, these 

R. Cruz-Torres et al., PLB (2019)
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Things started to make sense when we studied

the absolute cross sections.

8% and are typically much smaller than the statistical
uncertainties. Additional point-to-point systematics are due
to bin-migration, bin-centering, and radiative corrections
and range between 0.5% and 3.5%.
The overall normalization uncertainty of our measure-

ment equals 2.7%, and is due to uncertainty in the target
density (1.5%), beam-charge measurement run-by-run
stability (1%), tritium decay correction (0.15%), and
spectrometer detection and trigger efficiencies (2%).
For completeness we also used SIMC to calculate the

acceptance-averaged cross sections using both Cracow and
CKþ CC1 cross section models and compared them to our
measured data before any bin-centering corrections. Both
models well reproduce the shape of the measured Emiss and
pmiss event distributions. The ratio of the acceptance-
averaged experimental to theoretical cross section is similar
to the bin-centered ratios shown here.
Figure 1 shows the experimental, bin-centered, 3He and

3Hðe; e0pÞ cross sections as a function of pmiss and
integrated over Emiss from 8 to 50 or 80 MeV for the
low- and high-pmiss kinematics, respectively. The cross
section drops more than a factor of 103 from the lowest to
highest pmiss. The Cracow calculation appears to agree well
with measured cross sections for 3He for pmiss <
350 MeV=c and for 3H at all pmiss, while the CKþ CC1
calculation generally overestimates the measured cross
sections.
For ease of comparison, Fig. 2 shows the same measured

cross sections divided by the PWIA calculations. For 3H,
the Cracow calculation agrees with the data to about 20%.
For 3He, the two agree for 100 ≤ pmiss ≤ 350 MeV=c but
disagree by up to a factor of two for larger and lower pmiss.

For both nuclei the CKþ CC1 calculation is higher than
the data by about 60%. These results are consistent with our
3He=3H cross section ratio extracted from the same data
[36], which agreed with ratios of cross section calculations
and ratios of ground-state momentum distributions up to
pmiss ≈ 350 MeV=c. The unexpected increase in the
3He=3H cross section ratio at larger pmiss now appears to
be due to both a decrease in the 3Hðe; e0pÞ and an increase
in the 3Heðe; e0pÞ cross sections, relative to PWIA calcu-
lations. As explained below, our data suggests that this
effect is due to SCX effects.
The most recent 3Heðe; e0pÞ three-body breakup cross

section measurements were done at Q2 ¼ 1.5 ðGeV=cÞ2
and xB ¼ 1 [5], near the expected maximum of struck-
proton rescattering. The measured cross sections were
lower than PWIA calculations by a factor of ∼2 for pmiss <
250 MeV=c and higher by a factor of ∼3 for 400 < pmiss <
500 MeV=c (see Fig. 2). These deviations were described
by calculations which included the contribution of non-QE
reaction mechanisms, primarily FSI [32,46–48]. The large
contribution of such non-QE reaction mechanisms to the
measured ðe; e0pÞ cross sections significantly limited their
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FIG. 1. Absolute cross section as a function of pmiss for 3He
(left) and 3H (right). The different sets of data points, depicted by
black circles and squares, correspond to the cross sections
measured in the low-pmiss and high-pmiss kinematical settings
respectively. The lines correspond to cross sections calculated
from different theoretical models, Cracow (solid red), CKþ
CC1 (dashed blue) and Sargsian-FSI (dotted green, pmiss >
250 MeV=c only). The different kinematical settings have dif-
ferent average elementary electron-nucleon cross sections and
therefore have a different overall scale for both data and
calculations.
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FIG. 2. The ratio of the experimental cross section to different
PWIA calculations plotted versus pmiss for 3Heðe; e0pÞ (top) and
3Hðe; e0pÞ (bottom). Red squares show the ratio to the Cracow
calculation while blue circles show the ratio to the Ciofi-Kaptari
spectral-function-based calculations (CK+CC1) (see text for
details). Open symbols show the 3Heðe; e0pÞ data of Ref. [5],
taken at lowerQ2 and x ∼ 1 kinematics, compared with the PWIA
calculations of Ref. [32,46–48]. The inner and outer bars show
the statistical and statistical plus systematic uncertainties, re-
spectively. The shaded regions show 10% and 20% agreement
intervals.

PHYSICAL REVIEW LETTERS 124, 212501 (2020)

212501-5

R. Cruz-Torres, D. Nguyen et al., PRL (2020)
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A = 3 Theory Calculations

CK+CC1

C. Ciofi degli Atti, L. P. Kaptari, PRC 71, 024005 (2005)

Spectral-function including continuum FSI between spectator nucleons

Based on 3He wave function developed by Pisa group, assuming AV18

(no 3-body force!)

Cracow

J. Golak et al., Phys. Rep. 415, pp. 89–205 (2005)

Fadeev calculation assuming CDBonn+UIX, plane-wave scattering

Includes continuum FSI between spectator nucleons

Sargsian FSI

M. M. Sargsian et al., PRC 71, 044614 (2005)

M. M. Sargsian et al., PRC 71, 044615 (2005)

Includes FSI between struck and spectator nucleons in Generalized

Eikonal Approximation framework

Does not include single-charge exchange FSI

13
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FIG. 2. The ratio of the experimental cross section to different
PWIA calculations plotted versus pmiss for 3Heðe; e0pÞ (top) and
3Hðe; e0pÞ (bottom). Red squares show the ratio to the Cracow
calculation while blue circles show the ratio to the Ciofi-Kaptari
spectral-function-based calculations (CK+CC1) (see text for
details). Open symbols show the 3Heðe; e0pÞ data of Ref. [5],
taken at lowerQ2 and x ∼ 1 kinematics, compared with the PWIA
calculations of Ref. [32,46–48]. The inner and outer bars show
the statistical and statistical plus systematic uncertainties, re-
spectively. The shaded regions show 10% and 20% agreement
intervals.

PHYSICAL REVIEW LETTERS 124, 212501 (2020)

212501-5

R. Cruz-Torres, D. Nguyen et al., PRL (2020)

14



Things started to make sense when we studied

the absolute cross sections.
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the data by about 60%. These results are consistent with our
3He=3H cross section ratio extracted from the same data
[36], which agreed with ratios of cross section calculations
and ratios of ground-state momentum distributions up to
pmiss ≈ 350 MeV=c. The unexpected increase in the
3He=3H cross section ratio at larger pmiss now appears to
be due to both a decrease in the 3Hðe; e0pÞ and an increase
in the 3Heðe; e0pÞ cross sections, relative to PWIA calcu-
lations. As explained below, our data suggests that this
effect is due to SCX effects.
The most recent 3Heðe; e0pÞ three-body breakup cross

section measurements were done at Q2 ¼ 1.5 ðGeV=cÞ2
and xB ¼ 1 [5], near the expected maximum of struck-
proton rescattering. The measured cross sections were
lower than PWIA calculations by a factor of ∼2 for pmiss <
250 MeV=c and higher by a factor of ∼3 for 400 < pmiss <
500 MeV=c (see Fig. 2). These deviations were described
by calculations which included the contribution of non-QE
reaction mechanisms, primarily FSI [32,46–48]. The large
contribution of such non-QE reaction mechanisms to the
measured ðe; e0pÞ cross sections significantly limited their
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FIG. 1. Absolute cross section as a function of pmiss for 3He
(left) and 3H (right). The different sets of data points, depicted by
black circles and squares, correspond to the cross sections
measured in the low-pmiss and high-pmiss kinematical settings
respectively. The lines correspond to cross sections calculated
from different theoretical models, Cracow (solid red), CKþ
CC1 (dashed blue) and Sargsian-FSI (dotted green, pmiss >
250 MeV=c only). The different kinematical settings have dif-
ferent average elementary electron-nucleon cross sections and
therefore have a different overall scale for both data and
calculations.
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FIG. 2. The ratio of the experimental cross section to different
PWIA calculations plotted versus pmiss for 3Heðe; e0pÞ (top) and
3Hðe; e0pÞ (bottom). Red squares show the ratio to the Cracow
calculation while blue circles show the ratio to the Ciofi-Kaptari
spectral-function-based calculations (CK+CC1) (see text for
details). Open symbols show the 3Heðe; e0pÞ data of Ref. [5],
taken at lowerQ2 and x ∼ 1 kinematics, compared with the PWIA
calculations of Ref. [32,46–48]. The inner and outer bars show
the statistical and statistical plus systematic uncertainties, re-
spectively. The shaded regions show 10% and 20% agreement
intervals.
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Final state interactions are slightly different

between 3H and 3He.

ability to constrain the nucleon distributions at high
momenta. These non-QE effects are much smaller in the
current measurement due to our choice of kinematics.
In order to estimate the effects of struck-proton rescat-

tering, we also considered a calculation byM. Sargsian [49]
which accounts for the FSI of the struck nucleon using the
generalized Eikonal approximation [50,51], following the
initial PWIA proton knockout. This calculation does not
include the continuum interaction between the two specta-
tor nucleons, FSI23, and is therefore only applicable where
those effects are small. Comparing the Cracow calculations
with and without FSI23 showed that its effects decrease
rapidly with pmiss. We therefore used the Sargsian FSI
calculations only at pmiss ≥ 250 MeV=c. We further veri-
fied that using this model for bin centering did not
significantly change the correction factors.
See the online Supplemental Material [52] for more

details on the kinematics, analysis procedures, and theo-
retical corrections, and for tables of all measured and
calculated cross sections.
Figure 3 (top) shows the ratio of the experimental, bin-

centered cross section to the Sargsian FSI calculation for
pmiss > 250 MeV=c. The FSI calculation generally agrees
with the data. The trend of the ratio seems to be opposite for

3He and 3H with the former rising above unity while the
latter decreasing below it.
If the high-momentum proton and neutron densities are

equal in both 3He and 3H, this trend could result from SCX
processes which would increase the 3Heðe; e0pÞ cross
section, but decrease the 3Hðe; e0pÞ cross section. While
further calculations are needed to fully quantify this effect,
this equal-density assumption is supported both by ab initio
calculations [53] and by previous measurements that
showed that, at high pmiss, electrons scatter primarily off
nucleons in np-short-range correlated pairs [54–64]. We
can test this, since SCX effects should be suppressed in
isoscalar systems due to large cancellations between ðn; pÞ
and ðp; nÞ processes. This implies that the isoscalar A ¼ 3
cross-section (i.e., 3Heþ 3H) is insensitive to these effects.
The ratio of the measured total isoscalar A ¼ 3 cross

section of 3Heþ 3H to the Cracow and Sargsian calcula-
tions is shown in Fig. 3(bottom). As expected, both
calculations agree with the data to within about %10%,
comparable to the accuracy of the data. Due to the QE
nature of our measurement, this excellent agreement
between our isoscalar data and ab initio nuclear theory
validates calculations of the A ¼ 3 ground state momentum
distribution up to extremely high nucleon momenta of
about 500 MeV=c.
To conclude, we present new 3He and 3Hðe; e0pÞ cross

section measurements, which represent the first new high-
energy electron scattering data on tritium in over 30 years.
By choosing kinematics specifically to minimize non-
quasielastic contributions (high-Q2, xB > 1, θrq < 37.5°),
the data are much more directly sensitive to the properties
of the A ¼ 3 nuclear ground state. PWIA calculations can
reproduce the 3He data to within %20% for 100 ≤ pmiss ≤
350 MeV=c, a significant improvement over previous
measurements at xB ¼ 1, and do even better for 3H, where
they can reproduce the data to %20% over the entire
measured pmiss range. A calculation that includes leading
nucleon rescattering improves agreement at high pmiss, and
the residual disagreement has the same sign as would be
expected from additional SCX contributions. The isoscalar
(3Heþ 3H) cross section agrees remarkably well with QE
cross section calculations, validating both the choice of
kinematics and calculations of the A ¼ 3 ground state up to
extremely high nucleon momenta of 500 MeV=c.
These data are a crucial benchmark for few-body nuclear

theory and are a necessary, but not sufficient, test of
theoretical calculations that are also used in the study of
heavier nuclear systems.

We acknowledge the contribution of the Jefferson-Lab
target group and technical staff for design and construction
of the tritium target and their support running this experi-
ment. We thank C. Ciofi degli Atti and L. Kaptari for the
3He spectral function calculations and M. Sargsian for the
FSI calculations. We also thank M. Strikman for many
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show 10% and 20% agreement intervals.
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Final state interactions are slightly different

between 3H and 3He.

ability to constrain the nucleon distributions at high
momenta. These non-QE effects are much smaller in the
current measurement due to our choice of kinematics.
In order to estimate the effects of struck-proton rescat-

tering, we also considered a calculation byM. Sargsian [49]
which accounts for the FSI of the struck nucleon using the
generalized Eikonal approximation [50,51], following the
initial PWIA proton knockout. This calculation does not
include the continuum interaction between the two specta-
tor nucleons, FSI23, and is therefore only applicable where
those effects are small. Comparing the Cracow calculations
with and without FSI23 showed that its effects decrease
rapidly with pmiss. We therefore used the Sargsian FSI
calculations only at pmiss ≥ 250 MeV=c. We further veri-
fied that using this model for bin centering did not
significantly change the correction factors.
See the online Supplemental Material [52] for more

details on the kinematics, analysis procedures, and theo-
retical corrections, and for tables of all measured and
calculated cross sections.
Figure 3 (top) shows the ratio of the experimental, bin-

centered cross section to the Sargsian FSI calculation for
pmiss > 250 MeV=c. The FSI calculation generally agrees
with the data. The trend of the ratio seems to be opposite for

3He and 3H with the former rising above unity while the
latter decreasing below it.
If the high-momentum proton and neutron densities are

equal in both 3He and 3H, this trend could result from SCX
processes which would increase the 3Heðe; e0pÞ cross
section, but decrease the 3Hðe; e0pÞ cross section. While
further calculations are needed to fully quantify this effect,
this equal-density assumption is supported both by ab initio
calculations [53] and by previous measurements that
showed that, at high pmiss, electrons scatter primarily off
nucleons in np-short-range correlated pairs [54–64]. We
can test this, since SCX effects should be suppressed in
isoscalar systems due to large cancellations between ðn; pÞ
and ðp; nÞ processes. This implies that the isoscalar A ¼ 3
cross-section (i.e., 3Heþ 3H) is insensitive to these effects.
The ratio of the measured total isoscalar A ¼ 3 cross

section of 3Heþ 3H to the Cracow and Sargsian calcula-
tions is shown in Fig. 3(bottom). As expected, both
calculations agree with the data to within about %10%,
comparable to the accuracy of the data. Due to the QE
nature of our measurement, this excellent agreement
between our isoscalar data and ab initio nuclear theory
validates calculations of the A ¼ 3 ground state momentum
distribution up to extremely high nucleon momenta of
about 500 MeV=c.
To conclude, we present new 3He and 3Hðe; e0pÞ cross

section measurements, which represent the first new high-
energy electron scattering data on tritium in over 30 years.
By choosing kinematics specifically to minimize non-
quasielastic contributions (high-Q2, xB > 1, θrq < 37.5°),
the data are much more directly sensitive to the properties
of the A ¼ 3 nuclear ground state. PWIA calculations can
reproduce the 3He data to within %20% for 100 ≤ pmiss ≤
350 MeV=c, a significant improvement over previous
measurements at xB ¼ 1, and do even better for 3H, where
they can reproduce the data to %20% over the entire
measured pmiss range. A calculation that includes leading
nucleon rescattering improves agreement at high pmiss, and
the residual disagreement has the same sign as would be
expected from additional SCX contributions. The isoscalar
(3Heþ 3H) cross section agrees remarkably well with QE
cross section calculations, validating both the choice of
kinematics and calculations of the A ¼ 3 ground state up to
extremely high nucleon momenta of 500 MeV=c.
These data are a crucial benchmark for few-body nuclear

theory and are a necessary, but not sufficient, test of
theoretical calculations that are also used in the study of
heavier nuclear systems.
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3He spectral function calculations and M. Sargsian for the
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FIG. 3. Top: The ratio of the experimental cross sections to the
calculation of Sargsian that includes FSI of the leading nucleon
for 3He (filled upright triangles) and 3H (open inverted triangles).
Bottom: the ratio of the measured total 3Heþ 3H cross section to
the Cracow PWIA calculation (red squares) and the Sargsian
calculation that includes FSI (black triangles). The inner and
outer bars show the statistical and statistical plus systematic
uncertainties respectively. On both panels the shaded regions
show 10% and 20% agreement intervals.
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Inclusive scattering offers another way to probe

pp vs pn vs nn pairing.
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pp vs pn vs nn pairing.
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A = 3 (e, e ′) xB ≥ 1 cross section ratios and the
isospin structure of short range correlations

Andrew Denniston, MIT

Erin Seroka, GW
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What if there is uncertainty in pair counting itself?
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Integrating (e, e ′N) should reproduce (e, e ′).

A = 3 Spectral Function

100

200

300

400

500

100 200 300 400 500 600 700 800 900

M
is

si
ng

E
ne

rg
y

[M
eV

]

Missing Momentum [MeV/c]

Neutrons in 3He

100

200

300

400

500

100 200 300 400 500 600 700 800 900

Sp
ec

tr
al

fu
nc

ti
on

[a
.u

.]
C. Ciofi degli Atti, L. P. Kaptari

Phys.Rev.C 71, 024005 (2005)

PWIA:

d6σ

dΩedEedΩNdEN
=

pNENσeNS(p⃗m,Em)

3-body wave function

assuming AV18

28



Theoretical spectral function + PWIA does a

decent job of reproducing the data.
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Theoretical spectral function + PWIA does a

decent job of reproducing the data.
10

FIG. 3. Tritium to helium-3 (e, e→) cross-section ratio, ω3H/ω3He, at Q2 → 1.4 GeV2 (red) and Q2 → 1.9 GeV2 (blue) as
a function of xB . The experimental data is taken from Ref. [54]. The blue and curves are calculations from Sargsian [65],
Benhar [66, 67], and Schmidt [62] for Q2 = 1.9 and 1.4 GeV2, respectively. Reproduced from [23]

emerged. Continued work [24, 71] employed a complementary kinematic variable, ω3N , to better separate 2N- and
3N-SRC contributions (see details in Section IV A and Ref. [72]). These works suggest that ω3N >1.6 is the mini-
mum value for having a meaningful 3N-SRC contribution to the cross-section, with ω3N >1.8 being a more realistic
threshold for a second scaling plateau. No definitive plateau has been observed to-date. An important prediction
of a3 → a2

2 was made in the same works. Lastly, additional works have suggested that an earlier onset could be
expected when considering the cross-section ratios of light nuclei, similar to that observed for the 2N-SRC plateau.
In the latter case the early onset is motivated by the earlier drop-o! of the single-particle mean field contribution in
light-nuclei, revealing an earlier onset of 2N-SRC dominance. The universality of 2N-SRC behavior in light and heavy
nuclei questions whether similar e!ects will lead to a faster drop-o! of 2N-SRC contributions, and a resulting earlier
onset of a 3N-SRC plateau in light nuclei. Additional theoretical input is required to help guide such optimizations
of future experimental searches.

Chronologically between the two above experimental publications, inclusive 3N SRC ratios from Hall C [7] were
published (additional analysis in [24]), with a Q2 of 2.7 GeV2, which falls comfortably above ω3N >1.6. Due to
experimental constraints, these data, while consistent with a second scaling plateau at the predicted value (2.9 for
4He/3He ratio), are also inconclusive because of insu”cient statistics. A summary of these three inclusive experimental
results are shown in Fig. 4.

FIG. 4. Per nucleon 4He/3He ratios from three JLab experiments [53, 68, 69, 73]. The high-xbj coverage reaches the kinematic
region associated with the expected onset of 3N-SRC (ε3N > 1.6) and extends into the range where a second scaling plateau
might occur (ε3N > 1.8).

Finally, recently published data on A = 3 nuclei [23] o!er an additional window into 3N-SRC dynamics. For these

Long-Range Outlook for Short-Range Correlations

arxiv:2601.09568
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The spectral function allows us to

look “under the hood.”
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The spectral function allows us to
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High pm, low Em is not a ‘pair’

in the traditional sense.
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Studying the impact of virtuality-dependent

nucleon structure modification on

spectator-tagged deep inelastic scattering

Ratliff, Schmidt, EPJA

60:5 (2024)

Sara Ratliff, GW

Spectator-tagged DIS

2-nucleon “decay function” from GCF

Light-front convolution formalism → F2
Modification proportional to struck

nucleon “virtuality”
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We tried several models of x-dependence

of the modification.
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Double ratio results

(F bound2 /F free2 )/(F bound2 /F free2 )ref.

Data could help distinguish models.
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Double ratio results

(F bound2 /F free2 )/(F bound2 /F free2 )ref.

Data could help distinguish models.
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Rocco/Lovato calculation of the “correlated”

part of the 1-nucleon spectral function.

S(p1,Em) =
∫
d3p⃗2
(2π)3

∑
n

∣∣〈ψA0 ∣∣⃗p1 ⊗ p⃗2 ⊗ ψA−2n

〉∣∣2 δ(Em − . . .)

=

∫
d3p⃗2
(2π)3

∑
n

〈
ψA0

∣∣∣â†1â†2∣∣∣ψA−2n

〉 〈
ψA−2n

∣∣â1â2∣∣ψA0 〉
δ(Em − . . .)
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nA2N(p⃗1, p⃗2)δ(Em − . . .)
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The QMC SF is counting all pairs

not just correlated ones.
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The solution is to orthogonalize |p2 ⊗ ψA−2n ⟩
with respect to |ψA−10 ⟩.
The problem is that: 〈

p2 ⊗ ψA−2n

∣∣ψA−10

〉
̸= 0

We can build an orthogonal wave function:∣∣p2 ⊗ ψA−2n

〉
ortho.

=
∣∣p2 ⊗ ψA−2n

〉
−

〈
ψA−10

∣∣p2 ⊗ ψA−2n

〉 ∣∣ψA−10

〉

S(p1, p2,Em) =
∑
n

∣∣∣ 〈
ψA0

∣∣p1 ⊗ p2 ⊗ ψA−2n

〉
−

〈
ψA−10

∣∣p2 ⊗ ψA−2n

〉 〈
ψA0

∣∣p1 ⊗ ψA−10

〉 ∣∣∣2 · δ(Em − . . .)
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The solution is to orthogonalize |p2 ⊗ ψA−2n ⟩
with respect to |ψA−10 ⟩.
The problem is that: 〈

p2 ⊗ ψA−2n

∣∣ψA−10

〉
̸= 0

We can build an orthogonal wave function:∣∣p2 ⊗ ψA−2n

〉
ortho.

=
∣∣p2 ⊗ ψA−2n

〉
−

〈
ψA−10

∣∣p2 ⊗ ψA−2n

〉 ∣∣ψA−10

〉

S(p1, p2,Em) =
∑
n

∣∣∣ 〈
ψA0

∣∣p1 ⊗ p2 ⊗ ψA−2n

〉
−

〈
ψA−10

∣∣p2 ⊗ ψA−2n

〉 〈
ψA0

∣∣p1 ⊗ ψA−10

〉 ∣∣∣2 · δ(Em − . . .)
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This simplifies somewhat for the A = 3 case

but work is still on-going.
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Take aways

Ab initio A = 3 spectral function shows a modest “non-pair-like”
contribution for x → 2.

GCF spectral function for 4He shows that spectator tagged DIS can

help resolve different models of medium modification.

Naive QMC approach to building a “correlated” function have

questionable Em dependence due to considering all pairs, not just

correlated pairs.

There is a need for properly orthogonalized correlated spectral

functions.

Although, after yesterday, may I should be spending my time

worrying more about FSIs.
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BACK-UP
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Em and pm content per xB bin

E
m

is
s

[M
eV

]

pmiss [MeV/c ]

0

50

100

150

200

250

300

0 200 400 600 800 1000
10−4

10−3

10−2

10−1

100

101

C
ro

ss
se

ct
io

n
[a

rb
.

un
it
s]

θe = 20.88
◦

1.4 < xB < 1.45

50



Em and pm content per xB bin
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Spectral function calculation versus data
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