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■ Based on WC, J. Ryckebusch 2106.01249, PLB(’21)

■ Wigner distributions of SRC nucleons
■ Interest for heavy ion community?

▶ medium modification
▶ centrality
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Nuclei in all their facets: IPM, SRC, LRC
Independent Particle Model (IPM)

■ Solve 1b Schrodinger equation in a mean-field potential
■ Nucleons have an identity: αi (ni , li , ji ,mi , ti ) and ψαi (r⃗ )
■ Average quantities: ⟨Tp⟩ , ⟨Upot⟩ , ⟨ρ⟩ , . . .

Long Range Correlations (LRC)
■ Nucleons lose their identity
■ Spatio-temporal fluctuations:∆Tp,∆Upot ,∆ρ, . . .
■ “Most” nucleons get involved(∼ RA)
■ Energy scale ∆E ≈10 MeV
■ Exp. observed, th. understood[giant resonances in γ (∗)(A,X )]

Short Range Correlations (SRC)
■ Nucleons lose their identity
■ Spatio-temporal fluctuations:∆Tp,∆Upot ,∆ρ, . . .
■ “Few” nucleons get involved(∼ RN )
■ Energy scale ∆E ≈100 MeV
■ Exp. observed, th. understood[2N knockout in A(e, e ′X )]
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Nuclear short-range correlations (SRC)

1fm

VNN

Warning: reductive picture!!

■ NN-force: intermediate-range attraction,short-range repulsion (“hard core”)
■ Induce high-momentum tails in momentumdistributions
■ Universal across the nuclear mass range(local character of SRC)
■ In experiments, one-body and two-bodymomentum distributions are not directly

observable and the obtained information onSRC is indirect
■ f.i. A(e, e ′p) cross section only factorizes innon-relativistic plane-wave (=no final-stateinteractions) approximation

dσ (e,e ′p)
A = Kσ epρ(p⃗m)
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Inclusive A(e, e ′): cross section ratios

3

at large x, where scattering from nucleons below the
Fermi momentum is forbidden. If these high-momentum
components are related to two-nucleon correlations (2N-
SRCs), then they should yield the same high-momentum
tail whether in a heavy nucleus or a deuteron.

The first detailed study of SRCs in inclusive scattering
combined data from several measurements at SLAC [12],
so the cross sections had to be interpolated to identical
kinematics to form the ratios. A plateau was seen in the
ratio (σA/A)/(σD/2) that was roughly A-independent for
A ≥ 12, but smaller for 3He and 4He. Ratios from Hall B
at JLab showed similar plateaus [13, 14] and mapped out
the Q2 dependence at low Q2, seeing a clear breakdown of
the picture for Q2 < 1.4 GeV2. However, these measure-
ments did not include deuterium; only A/3He ratios were
available. Finally, JLab Hall C data at 4 GeV [15, 16]
measured scattering from nuclei and deuterium at larger
Q2 values than the previous measurements, but the deu-
terium cross sections had limited x coverage. Thus, while
there is significant evidence for the presence of SRCs
in inclusive scattering, clean and precise ratio measure-
ments for a range of nuclei are lacking.

 0

 3

 6 3He

 0

 3

 6
4He

(σ
A
/A

)/
(σ

D
/2

)

 0

 3

 6

 0.8  1  1.2  1.4  1.6  1.8

x

9Be

12C

63Cu

 1  1.2  1.4  1.6  1.8  2

x

197Au

FIG. 2: Per-nucleon cross section ratios vs x at θ=18◦.

Figure 2 shows the A/D cross section ratios for the
E02-019 data at a scattering angle of 18◦. For x > 1.5,
the data show the expected near-constant behavior, al-
though the point at x = 1.95 is always high because the
2H cross section approaches zero as x → MD/Mp ≈ 2.
This was not observed before, as the previous SLAC ra-
tios had much wider x bins and larger statistical uncer-
tainties, while the CLAS took ratios to 3He.

Table I shows the ratio in the plateau region for a range
of nuclei at all Q2 values where there was sufficient large-
x data. We apply a cut in x to isolate the plateau region,
although the onset of scaling in x varies somewhat with
Q2. The start of the plateau corresponds to a fixed value
of the light-cone momentum fraction of the struck nu-
cleon, αi [1, 12]. However, αi requires knowledge of the

initial energy and momentum of the struck nucleon, and
so is not directly measured in inclusive scattering. Thus,
the plateau region is typically examined as a function of
x or α2n, which corresponds to αi under the approxi-
mation that the photon is absorbed by a single nucleon
from a pair of nucleons with zero net momentum [12]. We
take the A/D ratio for xmin < x < 1.9, such that xmin

corresponds to a fixed value of α2n. The upper limit is
included to avoid the deuteron kinematic threshold.

TABLE I: r(A,D) = (2/A)σA/σD in the 2N correlation re-
gion (xmin < x < 1.9). We choose a conservative value of
xmin = 1.5 at 18◦, which corresponds to α2n = 1.275. We use
this value to determine the xmin cuts for the other angles.
The last column is the ratio at 18◦ after the subtraction of
the estimated inelastic contribution (with a systematic uncer-
tainty of 100% of the subtraction).

A θ=18◦ θ=22◦ θ=26◦ Inel.sub
3He 2.14±0.04 2.28±0.06 2.33±0.10 2.13±0.04
4He 3.66±0.07 3.94±0.09 3.89±0.13 3.60±0.10
Be 4.00±0.08 4.21±0.09 4.28±0.14 3.91±0.12
C 4.88±0.10 5.28±0.12 5.14±0.17 4.75±0.16
Cu 5.37±0.11 5.79±0.13 5.71±0.19 5.21±0.20
Au 5.34±0.11 5.70±0.14 5.76±0.20 5.16±0.22

〈Q2〉 2.7 GeV2 3.8 GeV2 4.8 GeV2

xmin 1.5 1.45 1.4

At these high Q2 values, there is some inelastic contri-
bution to the cross section, even at these large x values.
Our cross section models predicts that this is approxi-
mately a 1–3% contribution at 18◦, but can be 5–10% at
the larger angles. This provides a qualitative explanation
for the systematic 5–7% difference between the lowest Q2

data set and the higher Q2 values. Thus, we use only the
18◦ data, corrected for our estimated inelastic contribu-
tion, in extracting the contribution of SRCs.

The typical assumption for this kinematic regime is
that the FSIs in the high-x region come only from rescat-
tering between the nucleons in the initial-state correla-
tion, and so the FSIs cancel out in taking the ratios [1–
3, 12]. However, it has been argued that while the ratios
are a signature of SRCs, they cannot be used to provide
a quantitative measurement since different targets may
have different FSIs [17]. With the higher Q2 reach of
these data, we see little Q2 dependence, which appears
to be consistent with inelastic contributions, supporting
the assumption of cancellation of FSIs in the ratios. Up-
dated calculations for both deuterium and heavier nuclei
are underway to further examine the question of FSI con-
tributions to the ratios [18].

Assuming the high-momentum contribution comes en-
tirely from quasielastic scattering from a nucleon in an
n–p SRC at rest, the cross section ratio σA/σD yields
the number of nucleons in high-relative momentum pairs
relative to the deuteron and r(A, D) represents the rela-
tive probability for a nucleon in nucleus A to be in such

data: Fomin et al. (JLab Hall C), PRL108
092502

Vanhalst, W.C, Ryckebusch, JPG’15

■ SRC universality: Cross section ratios to thedeuteron show scaling for 1.4<x<2
■ σA = a2

A
2 σ

D → a2 is measure for the relativeamount of correlated pairs in nucleus A to thedeuteron → soft scaling!

→ Mean-Field quantity!!!
■ Compared to deuteron correlated pair in nucleusA also has

▶ Binding energy
▶ Center of mass motion
▶ Final-state interactions withnuclear medium

■ a2 are correlated with the size of the EMC effect
→Hen et al.,Int.J.Mod.Phys. E22 (2013) 1330017
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Exclusive A(e, e ′pp)
2N correlations in 12C(e, e ′pp) / 12C(e, e ′p) JLAB Hall A

R. Subedi et al., Science 320 (’08)
R. Shneor et al., PRL99 (’07)

■ Detector setup covering verysmall phase space: tuned toinitial back-to-back nucleons
■ AssumptionA(e,e’p)=A(e,e’pp)+A(e,e’pn) toextract SRC fractions
■ 20% of the nucleons are in aSRC pair
■ 90% of the correlated pairs are

np pairs → tensor forcedominance for these initialmomenta
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Mass dependence of pp cross section ratio

C.Colle et al. PRC92 024604 (’15)

■ σ [A(e,e ′pN)]
σ [12C (e,e ′pN)] ≈

∫ d3P⃗12F
DA (P⃗12)∫ d3P⃗12F
D
12C(P⃗12)

■ Data from data mining initiative for theJefferson Lab CLAS collaboration (4πdetector, huge phase space)
■ Calculations performed for 12C,27Al,56Feand 208Pb.
■ Cross section ratios scale much softerthan Z (Z − 1)
■ Final-state interactions soften the massdependence further
■ Charge-exchange effects in final-stateinteractions also taken into account
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Motivation & framework for Wigner study
■ Distribution of SRCs in phase space?

▶ generate a high-momentum tail in the 1b momentum distribution
▶ where in the nuclear medium?
▶ phase-space correlations?

■ For SRCs, what regions of r and/or p influence bulk properties (T , rrms)
■ LCA: lowest-order correlation operator approximation [Ghent group 2010+]

▶ approximate flexible method across the whole mass range
→ Wigner distribution results for deuteron considered in [Neff, Feldmeier 2016]

▶ include essential SRC operators (central,tensor,spin-isospin),no LRCs
▶ learn about SRC physics (nuclear structure AND reactions)in a unified framework
▶ excellent agreement with extracted quantities from dataand ab initio results

■ Inputs: HO parameters, radial correlation functions
■ Systematic study yielded robust results
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Nuclear correlation operators (I)
■ Correlated nuclear wave funtion Ψ: act with correlation operators Ĝ(short-range structure) on Φ (mean-field quantum numbers + long-rangestructure)

| Ψ⟩ = 1√
N

Ĝ | Φ⟩ with, N ≡ ⟨Φ | Ĝ† Ĝ | Φ⟩

in our case | Φ⟩ is an IPM single Slater determinant
■ Nuclear correlation operator Ĝ contains two-nucleon correlation operators

l̂ (i , j ) (A-body operator):
Ĝ ≈ Ŝ

 A∏
i<j=1

[
1 − l̂ (i , j )] ,

■ Major source of correlations: central (Jastrow), tensor (tτ) and spin-isospin(στ)
l̂ (i , j ) = −gc (rij ) + ftτ (rij )Ŝij τ⃗i · τ⃗j + fστ (rij )σ⃗i · σ⃗j τ⃗i · τ⃗j .
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Nuclear correlation operators (II)
■ Expectation values between correlated states Ψ can be turned intoexpectation values between uncorrelated states Φ

⟨Ψ | Ω̂ | Ψ⟩ = 1
N ⟨Φ | Ω̂eff | Φ⟩

■ “Conservation Law of Misery”: multi(A)-body operators
Ω̂eff = Ĝ† Ω̂ Ĝ = ( A∏

i<j=1

[
1 − l̂ (i , j )])† Ω̂ ( A∏

k<l=1

[
1 − l̂ (k, l )])

■ Low-order correlation operator approximation (LCA): cluster expansiontruncated at lowest order
■ LCA: N-body operators receive SRC-induced (N + 1)-body corrections

Dominant contribution to SRC-sensitive matrix elements stems from
relative n = 0, l = 0 pairs in the IPM wf [strength at r → 0]
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Single-nucleon momentum distributions in LCA
■ Single-nucleon momentum distribution

n[1](p)
■ Universal correlation operators

|Ψ⟩ = Ĝ |Φ⟩ /
√

⟨Φ| Ĝ† Ĝ |Φ⟩ ,

■ G: Central, spin-isospin, tensor
■ Truncation at O

(
G2): SRC part of

n[1](p) = 2-body contributions
■ Quantify the pp, nn, pn and npcontribution to n[1](p)
■ Capture essential SRC physics andstudy trends
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n[1](p) in LCA: from light to heavy nuclei
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Probability distribution P(p) ∼ p2n[1](p)
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Probability distribution P(p) ∼ p2n[1](p)
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Quantum numbers of SRC-susceptible IPM pairs?
n[1],corr stems from correlation operators acting on IPM pairs.∑

n′l ′ n
[1],corr
nl ,n′l ′ (p) = n[1],corr(p)
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Major source of SRC: correlations acting on (n = 0 l = 0) IPM pairs
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Wigner distributions
■ Phase-space formulation of QM

⟨F̂ ⟩ = ∫∫
drdk w (r , k)f (r , k)

■ Wigner quasidistribution w (r , k) = ⟨Ψ| ŵ (r , k) |Ψ⟩

ŵ (r , k) = 1(2π)3
∫

dx e ik ·x
∣∣∣r − x

2

〉〈
r + x

2

∣∣∣ = 1(2π)3
∫

dq e−iq·r
∣∣∣k + q

2

〉〈
k − q

2

∣∣∣
ρ̂(r ) = ∫

dk ŵ (r , k) = |r⟩⟨r | n̂(k) = ∫
dr ŵ (r , k) = |k⟩⟨k | ,

■ Quasi-expectation values (do NOT integrate to total T , rrms)
T (r ) = 〈

T̂ (r )〉 = ∫
k2dk k2

2m w (r , k)∫
k2dk w (r , k) , rrms(k) ≡

√
⟨r̂2(k)⟩ = √ ∫

r2dr r2w (r , k)∫
r2dr w (r , k) .

■ Densities (DO integrate to total T , rrms)
ρT (r ) ≡

r2
∫

k2dk k2
2m w (r , k)∫

r2dr
∫
k2dk w (r , k) ,

∫
drρT (r ) = 〈

T̂
〉 = T ;

ρr2 (k) ≡
k2 ∫

r2dr r2w (r , k)∫
k2dk

∫
r2dr w (r , k) ,

∫
dkρr2 (k) = ⟨r̂2⟩ = r2rms
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w (r , k) numerical results
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■ High-momentum SRCs restricted to interior
→ generated from IPM relative S-pairs
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12C rms radius and kinetic energy
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■ rms radius dominated by k < 2fm−1

■ For r < rrms 60-70% of T due to SRC
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Ca kinetic energy
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■ Kinetic energy inversion in interior 48Ca
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Ca rms radius
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■ In 48Ca, due to tensor force rp ≈ rn for k > 2fm−2
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Influence of SRC on bulk properties

■ Introduce momentum cutoff Λ in phase-spaceintegral for rrms
⟨r2⟩Λ = ∫ Λ k2dk

∫
r2dr r2w (r , k)∫ Λ k2dk

∫
r2dr w (r , k)

■ Radii and size of neutron skin increase whennot accounting for high-momentum SRCconsistently
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Conclusions
■ LCA provides a comprehensive picture of SRC-sensitive observables
■ Phase-space formulation yields combined coordinate and momentumspace information
■ High-momentum SRC confined to nuclear interior

■ Large increase in kinetic energy + inversion for N > Z , generated ininterior
■ Modest effect on rms radii and neutron skin, but non-negligible effect
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