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𝒂𝟐 definition:

1.5 < 𝑥𝐵 < 1.9 (𝑄2 > 1.5 GeV2)

Interpretation:

The number of (deuteron-like) SRC pairs relative to the deuteron

Connection to momentum/coordinate-space densities:

𝑎2 ≈ 𝑛𝐴(𝑘)/𝑛𝑑(𝑘) ;  𝑘 → ∞

𝑎2 ≈ 𝜌𝐴(𝑟𝑟𝑒𝑙)/𝜌𝑑 𝑟𝑟𝑒𝑙 ;  𝑟𝑟𝑒𝑙 → 0

𝑎2 =
𝜎𝐴
𝑖𝑛𝑐/𝐴

𝜎𝑑
𝑖𝑛𝑐/2



𝑎2 vs 𝑥𝐵 at electron scattering angle 𝜃𝑒 = 18∘

Fomin et. al. PRL 108, 092502 (2012)



𝑎2 vs 𝑥𝐵 for 𝑄2 > 1.5 GeV2

B. Schmookler et. al. (CLAS Collaboration) Nature 566, 354–358 (2019)



J-W Chen et al. , PRL 119, 262502 (2017)

Ratios of coordinate-space densities



M. Alvioli et al., PRC 87, 034604 (2013)

Ratios of momentum distributions
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𝜎𝐴
𝑖𝑛𝑐 𝑎2 ≡

𝜎𝐴
𝑖𝑛𝑐/𝐴

𝜎𝑑
𝑖𝑛𝑐/2



Integrating over the unmeasured momentum: 

𝜎𝑝
𝑖𝑛𝑐 = න𝑑3𝑝′𝜎𝑒𝑝 𝑆

𝑝(𝒑1, 𝜖1)

𝜎𝑛
𝑖𝑛𝑐 = න𝑑3𝑝′𝜎𝑒𝑛 𝑆

𝑛(𝒑1, 𝜖1)

Off-shell electron-

nucleon cross section



Integrating over the unmeasured momentum: 

𝜎𝑝
𝑖𝑛𝑐 = න𝑑3𝑝′𝜎𝑒𝑝 𝑆

𝑝(𝒑1, 𝜖1)

𝜎𝑛
𝑖𝑛𝑐 = න𝑑3𝑝′𝜎𝑒𝑛 𝑆

𝑛(𝒑1, 𝜖1)

Off-shell electron-

nucleon cross section

Integral over the 

allowed phase space
CM effects



Integrating over the unmeasured momentum: 

𝜎𝑝
𝑖𝑛𝑐 = න𝑑3𝑝′𝜎𝑒𝑝 𝑆

𝑝(𝒑1, 𝜖1)

𝜎𝑖𝑛𝑐 = 𝜎𝑝
𝑖𝑛𝑐 + 𝜎𝑛

𝑖𝑛𝑐

𝜎𝑛
𝑖𝑛𝑐 = න𝑑3𝑝′𝜎𝑒𝑛 𝑆

𝑛(𝒑1, 𝜖1)

Off-shell electron-

nucleon cross section

𝑆𝑝 𝒑𝟏, 𝜖1 = 𝐶𝑝𝑛
1 𝑆𝑝𝑛

1 𝒑𝟏, 𝜖1 + 𝐶𝑝𝑛
0 𝑆𝑝𝑛

0 𝒑𝟏, 𝜖1 + 2𝐶𝑝𝑝
0 𝑆𝑝𝑝

0 𝒑𝟏, 𝜖1



Integrating over the unmeasured momentum: 

𝜎𝑝
𝑖𝑛𝑐 = න𝑑3𝑝′𝜎𝑒𝑝 𝑆

𝑝(𝒑1, 𝜖1)

𝜎𝑖𝑛𝑐 = 𝜎𝑝
𝑖𝑛𝑐 + 𝜎𝑛

𝑖𝑛𝑐

𝜎𝑛
𝑖𝑛𝑐 = න𝑑3𝑝′𝜎𝑒𝑛 𝑆

𝑛(𝒑1, 𝜖1)

Off-shell electron-

nucleon cross section

𝑆𝑝 𝒑𝟏, 𝜖1 = 𝐶𝑝𝑛
1 𝑆𝑝𝑛

1 𝒑𝟏, 𝜖1 + 𝐶𝑝𝑛
0 𝑆𝑝𝑛

0 𝒑𝟏, 𝜖1 + 2𝐶𝑝𝑝
0 𝑆𝑝𝑝

0 𝒑𝟏, 𝜖1

𝜎𝐴
𝑖𝑛𝑐

𝜎𝑀
= 𝐶𝑝𝑛

1 𝜎𝑝𝑛
1 𝜔, 𝑞 + 𝐶𝑝𝑛

0 𝜎𝑝𝑛
0 𝜔, 𝑞 + 2𝐶𝑝𝑝

0 𝜎𝑝𝑝
0 𝜔, 𝑞 + 2𝐶𝑛𝑛

0 𝜎𝑛𝑛
0 𝜔, 𝑞





The CM-width effect:



𝐵𝐴 − 𝐵𝐴−2 = 2.224 MeV

E𝐴−2
∗ = 0 MeV

𝐴 = 208

Input SRC ratio:                
𝐶𝑝𝑛
1 𝐴 /𝐴

𝐶𝑝𝑛
1 𝑑 /2

= 4

𝜃𝑒 = 18∘

The CM-width effect:

On-shell deuteron

Fomin’s kinematics

𝜖𝑒 = 5.766 GeV



The CM-width effect:

𝜎𝐶𝑀 = 50 MeV/c

𝜎𝐶𝑀 = 0 MeV/c

𝜎𝐶𝑀 = 100 MeV/c

𝜎𝐶𝑀 = 150 MeV/c

𝜎𝐶𝑀 = 200 MeV/c

AV18



The CM-width effect:

𝜎𝐶𝑀 = 50 MeV/c

𝜎𝐶𝑀 = 0 MeV/c

𝜎𝐶𝑀 = 100 MeV/c

𝜎𝐶𝑀 = 150 MeV/c

𝜎𝐶𝑀 = 200 MeV/c

AV18

𝜎𝐶𝑀



The A-2 excitation:

𝐵𝐴 − 𝐵𝐴−2 = 16 MeV

E𝐴−2
∗ = 0-30 MeV

𝐴 = 208

Input SRC ratio:                
𝐶𝑝𝑛
1 𝐴 /𝐴

𝐶𝑝𝑛
1 𝑑 /2

= 4

𝜃𝑒 = 18∘

Off-shell deuteron

Fomin’s kinematics

𝜖𝑒 = 5.766 GeV

𝜎𝐶𝑀 = 100 MeV/c



The A-2 excitation:

𝐸𝐴−2
∗ = 0 MeV

𝐸𝐴−2
∗ = 10 MeV

𝐸𝐴−2
∗ = 20 MeV

𝐸𝐴−2
∗ = 30 MeV

AV18



The A-2 excitation:

𝐸𝐴−2
∗ = 0 MeV

𝐸𝐴−2
∗ = 10 MeV

𝐸𝐴−2
∗ = 20 MeV

𝐸𝐴−2
∗ = 30 MeV

𝐸𝐴−2
∗

AV18



𝐵𝐴 − 𝐵𝐴−2 = 16 MeV

E𝐴−2
∗ = 0 MeV

𝐴 = 208

Input SRC ratio:                
𝐶𝑝𝑛
1 𝐴 /𝐴

𝐶𝑝𝑛
1 𝑑 /2

= 4

𝜃𝑒 = 18∘

Off-shell deuteron

Fomin’s kinematics

𝜖𝑒 = 5.766 GeV

𝜎𝐶𝑀 = 100 MeV/c



𝐶𝑝𝑝
0 /𝐶𝑝𝑛

1 = 0 %

𝐶𝑝𝑝
0 /𝐶𝑝𝑛

1 = 5 %

𝐶𝑝𝑝
0 /𝐶𝑝𝑛

1 = 10 %

𝐶𝑝𝑝
0 /𝐶𝑝𝑛

1 = 20 %

AV18



𝐶𝑝𝑝
0 /𝐶𝑝𝑛

1 = 0 %

𝐶𝑝𝑝
0 /𝐶𝑝𝑛

1 = 5 %

𝐶𝑝𝑝
0 /𝐶𝑝𝑛

1 = 10 %

𝐶𝑝𝑝
0 /𝐶𝑝𝑛

1 = 20 %

𝐶𝑝𝑝
0

AV18



Deviations from the 𝒂𝟐 interpretation:

➢ CM width – increases 𝑎2 and creates a slope

➢ 𝐴 − 2 excitation – decreases 𝑎2

➢ 𝑇 = 1 pairs – increase 𝑎2



𝐶𝑝𝑛
1 /𝐶𝑝𝑝

0 = 12.5 (fixed – VMC results)

𝜎𝐶𝑀 = 100 MeV/c

E𝐴−2
∗ = 0-30 MeV

Fitting 𝐶𝑝𝑛
1



𝐸𝐴−2
∗ = 0 MeV

𝐸𝐴−2
∗ = 10 MeV

𝐸𝐴−2
∗ = 20 MeV

𝐸𝐴−2
∗ = 30 MeV

Fomin et al.

AV18



AV18 VMC results: 𝐶𝑝𝑛
1 12𝐶 = 16.8 ± 0.8

The extracted number 

of SRCs is very 

sensitive to 𝐸𝐴−2
∗ !



AV18 VMC results: 𝐶𝑝𝑛
1 12𝐶 = 16.8 ± 0.8

The extracted number 

of SRCs is very 

sensitive to 𝐸𝐴−2
∗ !



AV18 VMC results: 𝐶𝑝𝑛
1 12𝐶 = 16.8 ± 0.8

Excluded 

E𝐴−2
∗ ?



For heavy nuclei:

➢ 𝜎𝐶𝑀, 𝐸∗, and 𝑇 = 0 – expected to saturate 

➢ leads to an (unknown) constant correction (𝐸∗ is unknown)

For light nuclei:

➢ 𝜎𝐶𝑀, 𝐸∗, and 𝑇 = 0 – expected to depend on A 

➢ Leads to difficulties comparing between light nuclei



Using the fitted contact values for  𝜎𝐶𝑀 = 100 MeV/c, 𝐸∗ = 0

𝜃𝑒 = 18∘ (Q2~2.7 GeV2)

𝜃𝑒 = 22∘ (Q2~3.8 GeV2)

Fomin et al. 

(𝜃𝑒 = 18∘)

𝜃𝑒 = 26∘ (Q2~4.8 GeV2)



1. Experimental data of 𝑎2 can be described using contact-formalism 

cross-section calculations

2. The value of 𝑎2 is sensitive to 𝜎𝐶𝑀 and 𝐸𝐴−2
∗

3. External inputs are necessary to extract the amount of SRCs from 𝑎2

4. Important for the interpretation of 𝑎2 of light nuclei

5. We can use 𝑎2 to learn about the (A-2) system (𝐸𝐴−2
∗ )

6. We can provide 𝑸𝟐-dependence predictions





𝑆𝑎𝑏
𝛼 𝒑𝟏, 𝜖1 =

1

4𝜋
න
𝑑3𝑝2
2𝜋 3

𝛿 𝑓(𝒑2) 𝑛𝐶𝑀 𝒑𝟏 + 𝒑𝟐 ෤𝜑𝑎𝑏
𝛼 𝒑𝟏 − 𝒑𝟐 /2|

2

𝑓 𝒑2 ≡ 𝜖1 + 𝑝2
2 +𝑚2 − 2𝑚 + 𝐵𝑖

𝐴 − 𝐵𝑓
𝐴−2 +

𝒑𝟏 + 𝒑𝟐
2

2𝑚 𝐴 − 2

𝑛𝐶𝑀 𝑲 ∝ 𝑒
−

𝐾2

2𝜎𝐶𝑀
2

𝑆𝑝 𝒑𝟏, 𝜖1 = 𝐶𝑝𝑛
1 𝑆𝑝𝑛

1 𝒑𝟏, 𝜖1 + 𝐶𝑝𝑛
0 𝑆𝑝𝑛

0 𝒑𝟏, 𝜖1 + 2𝐶𝑝𝑝
0 𝑆𝑝𝑝

0 𝒑𝟏, 𝜖1



Fitting inclusive and exclusive experiments simultaneously - 4He

𝜎𝐶𝑀 = 100 MeV and 𝐵𝑓
𝐴−2 = ground state

𝐶𝑝𝑛
𝑑 4𝐻𝑒 ×

100

𝐴/2
= 16.8 ;    𝐶𝑝𝑝

0 4𝐻𝑒 ×
100

𝐴/2
= 0.75

Previous results:                                  11-16                      ;                 0.5-1

AV18



𝐶𝑝𝑛
𝑑 4𝐻𝑒 ×

100

𝐴/2
= 24.3 ;    𝐶𝑝𝑝

0 4𝐻𝑒 ×
100

𝐴/2
= 1.25

Fitting inclusive and exclusive experiments simultaneously - 4He

𝜎𝐶𝑀 = 100 MeV and 𝐵𝑓
𝐴−2 = ground state + 20 MeV

Previous results:                                  11-16                      ;                 0.5-1

AV18



𝑄2-dependence - 4He

𝜎𝐶𝑀 = 100 MeV and 𝐵𝑓
𝐴−2 = ground state

𝐶𝑝𝑛
𝑑 4𝐻𝑒 ×

100

𝐴/2
= 16.8 ;    𝐶𝑝𝑝

0 4𝐻𝑒 ×
100

𝐴/2
= 0.75

Previous results:                                  11-16                      ;                 0.5-1

𝑥𝐵



The inclusive cross section for nucleus A:

For the deuteron

If the 𝑇 = 1 contributions are negligible:
𝐴

2
𝑎2 =

𝐶𝑝𝑛
𝑑 𝐴 𝜎𝑝𝑛

𝑑 𝜔, 𝑞; 𝐴

𝐶𝑝𝑛
𝑑 𝑑 𝜎𝑝𝑛

𝑑 𝜔, 𝑞; 𝑑

𝜎𝐶𝑀 𝐴 = 0

𝐵𝐴 − 𝐵𝐴−2
∗ = 2.224 MeV

𝐴

2
𝑎2 =

𝐶𝑝𝑛
𝑑 𝐴

𝐶𝑝𝑛
𝑑 𝑑If

The regular interpretation!

𝐶𝑝𝑛
𝑑 (𝐴)𝜎𝑝𝑛

𝑑 𝜔, 𝑞; 𝐴 + 𝐶𝑝𝑛
0 (𝐴)𝜎𝑝𝑛

0 𝜔, 𝑞; 𝐴 + 2𝐶𝑝𝑝
0 (𝐴)𝜎𝑝𝑝

0 𝜔, 𝑞; 𝐴 + 2𝐶𝑛𝑛
0 (𝐴)𝜎𝑛𝑛

0 𝜔, 𝑞; 𝐴

𝐶𝑝𝑛
𝑑 (𝑑)𝜎𝑝𝑛

𝑑 𝜔, 𝑞, 𝐴 = 2



𝜃𝑒 = 18∘

𝜖𝑒 = 5.766 GeV



𝜃𝑒 = 18∘

𝜖𝑒 = 5.766 GeV


