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Different binding energies increase systematics in oscillation
measurements

In the two neutrino oscillation picture:

Pνα→νβ
(L) = sin2 2θ sin2

(
1.27

(∆m2/ eV2)(L/ Km)

(Eν/ GeV)

)
(1)

Measuring ∆m2 needs the correct Eν to be reconstructed:

∆m2 =
π × Eν

2× 1.27× L
(2)

Using the wrong binding energy would contribute to the systematics in
∆m2 measurements. i.e. an estimated 20 MeV shifts in binding energy
could cause 1% increase in systematics in T2K.
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Moniz interaction energy

Neutrino MC generators such as genie neut nuwro implements
Fermi Gas models in nucleus,

the bound nucleon undergoing knock out has some energy taken
away,

the values are usually taken from Moniz’s average interaction
energy(ε̄) fit, with the on-shell formalism:[1]

ν +
k2

2M
− ε̄ =

(~k + ~q)2

2M
(3)

ε̄C12 = 25 MeV was obtained from E electron = 500, 440, 380 MeV at
60◦ scattering angles. genie uses this value.
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genie’s binding energy

genie uses an off-shell Fermi Gas formalism during event generation, for
neutrino:

ν + MA −
√

M2
A−1 + k2 =

√
(~k + ~q)2 + M2

P (4)

ν + MA −MA−1 −
k2

2MA−1
=

√
(~k + ~q)2 + M2

P (5)

ν + MN − SN − k2

2MA−1
=

√
(~k + ~q)2 + M2

P (6)

Where MA + SN = MA−1 + MN , SN is the separation energy.

Finally, ∆C = 25 MeV was subtracted from the generated final state
proton.
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Problem

There are 3 problems

1 Different models
The Moniz formulation is strictly non-relativistic and on-shell

2 Ground state MA−1 used in the calculation
The spectator (A-1) nucleus should be in an excited state with
excitation energy Ex

3 Arbitrary removal of 25 MeV
The effect of interaciton energy (from a different model) is applied
to the final state proton
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Extracting the correct parameters

Consider the electron scattering energy conservation:

ν + MP − εP =

√
(~k + ~q)2 + M2

P , (7)

ν is energy transferred to the nucleus

εP = 〈EP
m〉+ 〈TA−1〉

〈EP
m〉 is the average missing energy, derived from direct spectral

function measurements or caclulated from shell model.
〈EP

m〉(12C ) = 26.1 MeV

〈TA−1〉 = 〈k2〉
2M∗

A−1
is the remnant nucleus kinetic energy. For

relativistic Fermi Gas on Carbon, 〈TA−1〉 ' 1.4 MeV
Therefore, εP = (26.1 + 1.4) MeV = 27.5 MeV. For neutrino
analysis, εP(N) = 27.5(30.1) MeV should be used to calculate
quasi-elastic neutrino energy.
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Extracting the correct parameters

Consider the electron scattering energy conservation:

ν + MP − εP =

√
(~k + ~q)2 + M2

P , (7)

εP,N = SP,N + 〈TA−1〉+ Ex (8)

For 12C ,

EP
x = εP − SP − 〈TA−1〉

= (27.5− 16.0− 1.4) MeV = 10.1 MeV
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Nuclear potentials needing consideration

The correct binding energy parameters should account for

1 Coulomb potential, Veff

2 Optical potential, Uopt

Nucleus has net positive charge.

µ− is decelerated on way out
|Veff | = 3.1 MeV for 12C

Proton from charge-current process is accelerated
|V P

eff | = 3.1 MeV for 12C

For electron scattering and NC process, Veff 6= V P
eff
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Nuclear potentials needing consideration

The correct binding energy parameters should account for

1 Coulomb potential, Veff

2 Optical potential, Uopt

The outgoing nucleon has to interact with a potential in the remnant
nucleus before exiting.

The optical potential Uopt models nucleon passing through the
nucleus as a wave.

Analogous to the refraction and absorption of light wave by a
medium of complex refractive index.
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Extracting optical potential from electron scattering data

Fitted inclusive e − A electron scattering with:

ν + (MP,N − εP,N) =
√

(~k + ~q3)2 + M2
P,N − |Uopt[(~k + ~q3)2]|+ |V P,N

eff |

on-shell elastic W2 structure function parameterized from
Eur.Phys.J. C71 (2011) 1726,

smeared QE distribution with relativistic Fermi Gas calculation,

smearing is only dependent on kz , the component of ~k parallel to ~q3,

similar treatment for ∆(1232) with Jlab fit to structural functions,

does not have multi-nucleon correlation in this calculation.

Fitting large number of electron data (Lithium, Carbon, Oxygen,
Calcium, Argon, Iron, Gold and Lead )
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Example fits 12C

Figure: A single Uopt parameter is input to the fit. We only measure Uopt for
the QE peak region, where q2

3 = ν2 + Q2,
(~k + ~q)2 = 〈k2(kz = 0)〉 + q2

3 = 3
5
K 2

F + Q2 + ν2

11



Results
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Conclusion

We have

extracted the correct binding energy in genie,

fitted for Uopt from large number of electron scattering data,

compared our empirical data to theory predictions,

they largely agree.

For the future:

fit the QE with Effective Spectral Function(ESF),

ESF contains 2p2h contribution, which allows for better fit to the ∆
region.
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