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Outline

1. Introduction.
2. March 2019 status:

Ø Analysis review ongoing.
Ø Looked at (e,e’), (e,e’p) events with zero detected pions and photons.
Ø Reconstructed energies ECal, EQE.
Ø Subtraction for undetected 𝜋", 𝜋$and extra p complete.
Ø Started subtraction for undetected 𝛾.

3. Status today:

Ø Completed subtraction for undetected 𝜋", 𝜋$, 𝛾 and extra p.
Ø Modified e- momentum correction.
Ø Analyzed the 1.1 GeV e2a data.
Ø Determined binding energy values for ERec calculations.
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(Long Baseline) Oscillation Challenge

T2K,  Phys.  Rev.  D  91,  072010  (2015) 

T2K experiment L=295km
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(1) Cherenkov detectors:
• Detect: leptons & pions
• Miss: protons and neutrons

(2) Tracking detectors:
• Detect: Charged particles + π0

• Miss: Neutrons and charged 
particles below threshold.

Energy Reconstruction for QE reactions

𝐸)* =
2𝑀𝜀 + 2𝑀𝐸0 − 𝑚0
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2 𝑀 − 𝐸0 + 𝑘0 𝑐𝑜𝑠 𝜃0

𝜀-single nucleon separation energy
M- nucleon mass
𝑚0 − outgoing lepton mass
𝑘0, 𝐸0 -lepton three momentum, energy
𝜃0-lepton scattering angle

Use Lepton kinematics 
Assuming QE interaction

Use Final-State Calorimetry
Assuming low residual excitations

𝐸DE0 = 𝐸0 +F𝑇H + 𝜀 +F𝐸I

𝑇H-kinetic energy of knock out proton
𝐸I-energy of produced meson
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Targets:

CLAS: 3He , 4He, 12C, 56Fe
T2K:  CH, H2O
Minerva:  3He, 4He, C, Fe, H2O
Microboone: Ar
Miniboone: mineral oil (C, H, O)
Nova: C6H3(CH3)3
DUNE: Ar
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E2a experiment

Neutrino expt. beam energies

1.1GeV

T2K off-axis

T2K on-axis 

MiniBooNE

NOvA near
detector

MINERvA

4.4GeV
CLAS 
energies

2.2GeV



QE Event Selection
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As close to QE as one can get:
• Scattered electron,
• Knockout proton,
• Zero pion,
• Zero gammas in the EC.

Scale the e−  scattering data with 1/σMott  to have 'neutrino like' data!



Background Subtraction
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Want 0𝜋 (e,e’) and (e,e’p) events. 
Need to account for undetected 𝜋, 𝛾 and extra protons.
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Background Subtraction in (e,e’) analysis
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Subtract for 𝜋± and 𝛾:

Data Driven Correction:
1. Use measured (e,e’𝜋±/𝛾) events,
2. Rotate 𝜋 around q to

determine its acceptance,
3. Subtract  (e,e’) 𝜋±/𝛾 contributions,
4. Repeat for 2 𝜋±/𝛾, 3 𝜋±/𝛾.

(e,e’𝜋±/𝛾)

0        1       2       3        4  
𝜋±/𝛾 multiplicity

𝑁I±/R

4.46 GeV

𝜋±/𝛾



Background Subtraction
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𝛾 detected in EC

𝜑R − 𝜑ST[Deg. ]
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Selecting non-radiation 𝛾.

radiation 𝛾



(e,e’) 𝜋±/𝛾 subtraction
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2.26 GeV

𝜋 detected in TOF+DC
𝛾 detected in EC

Subtract undetected 𝜋±

𝜋±/𝛾 subtraction𝜋± subtraction

𝑵𝜸 = 𝟎



Background Subtraction in (e,e’p) analysis
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Subtract for undetected 𝜋±, 𝛾 and multiple p.

Data Driven Correction:
1. Use measured (e,e’p𝜋±/𝛾) events,
2. Rotate 𝜋 around q to

determine their acceptance,
3. Subtract (e,e’p)𝜋±/𝛾 contributions
4. Do the same for 2p, 3p, 2p+𝜋±/𝛾 etc

e

𝜋±/𝛾

(e,e’p𝜋±/𝛾)

2p1𝜋

2p0𝜋 1p1𝜋

1p0𝜋

1p0𝜋

1p0𝜋



4.46 GeV
Proton subtarction56Fe (e,e’p)

Subtraction converges
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𝑁I±/R=0
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Proton subtarction
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Subtrac=on 𝐮𝐧𝐝𝐞𝐭. 𝝅±, p

4.46 GeV 

Subtrac=on 𝐮𝐧𝐝𝐞𝐭. 𝝅±, p



h1_Wepp
Entries  23915
Mean    1.174
RMS    0.1917

 / ndf 2c  51.49 / 9
Constant  16.1± 863.6 
Mean      0.0003± 0.9591 
Sigma     0.0003± 0.0183 
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e- momentum correction 
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2 GeV
3He (e,e’pp)n
Problem: neutron peak in wrong 
location 
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h1_e_mom_corrfuct_1
Entries  4396
Mean    1.027
RMS    0.04723

 / ndf 2c  8.373 / 13
Constant  3.63± 75.89 
Mean      0.000± 1.001 
Sigma     0.00050± 0.00959 
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e- momentum correction

1

Sector 1

𝑀𝑀3 = (𝑃 − 𝑃S)3 = 𝑀f
3

𝑃S(𝛼𝑝S,𝛼𝑝S)
𝑃(E, 𝑃⃗)= 𝑃3He+ 𝑃Beam − 𝑃Hk- 𝑃Hl

𝛼 =
−0.5(𝑀f

3 − 𝑃3)
𝐸𝑝S − 𝑃⃗𝑝S

2 GeV
3He (e,e’pp)n     

Solution: multiply e- momentum by a different factor 𝛼 in each sector

α0            0.9          0.95           1           1.05.        1.1
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e- momentum correction2 GeV
3He (e,e’pp)n     
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1

Same set of α factors at 2 and 4 
GeV (Same magnetic siled )



Correcting for binding energy
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𝐸DE0 = 𝐸0 + 𝑇H + 𝜀
𝜀=𝐸tufvw − 𝐸tufvw$x

𝜀(3He)=5 MeV
𝜀(4He)=20 MeV
𝜀(12C)=16 MeV
𝜀(56Fe)=10 MeV

[GeV]calorE
0.9 1 1.1 1.2 1.3 1.4

W
ei

gh
te

d 
co

un
ts

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400
610´ h1_Etot_p_bkgd_slice_sub2p1pi_1p0pi_1

Entries  301678
Mean    1.146
RMS    0.03811

 / ndf 2c  16.22 / 7
Constant  8.030e+06± 2.366e+09 
Mean      0.000± 1.156 
Sigma     0.00022± 0.02434 

[GeV]calorE
2.1 2.15 2.2 2.25 2.3 2.35 2.4

W
ei

gh
te

d 
co

un
ts

0

200

400

600

800

1000

1200

1400

1600

610´ h1_Etot_p_bkgd_slice_sub2p1pi_1p0pi_1

Entries  81625
Mean    2.235
RMS    0.03987

 / ndf 2c  4.061 / 5
Constant  1.032e+07± 1.665e+09 
Mean      0.000± 2.256 
Sigma     0.00021± 0.01633 

[GeV]calorE
4.1 4.2 4.3 4.4 4.5 4.6 4.7

W
ei

gh
te

d 
co

un
ts

0

10

20

30

40

50

60

70
610´ h1_Etot_p_bkgd_slice_sub2p1pi_1p0pi_1

Entries  3992
Mean    4.417
RMS    0.07273

 / ndf 2c  1.606 / 4
Constant  1.670e+06± 6.746e+07 
Mean      0.00±  4.45 
Sigma     0.00120± 0.03002 

Off by 5 MeV Off by 16 MeV

12C 

1 GeV
Off by 5 MeV

2 GeV 4 GeV

𝐸DE0[GeV]𝐸DE0[GeV]

𝐸DE0[GeV]

Target ECal
offset 
[2GeV]

3He 4 MeV
4He 5 MeV
12C 5 MeV
56Fe 11 MeV

Use these offsets to 
correct the binding energy 
used in ECal and EQE
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Results



Large A dependence
2.26 GeV

4He

56Fe

Ecal (e,e’p)

Ecal (e,e’p)

EQE (e,e’)

EQE (e,e’)

EQE (e,e’p)

EQE (e,e’p)

1.EQE has worse peak 
resolution than ECal. 
2.Same tail for EQE+ECal.                                   

3.56Fe is predominantly tail.
4.56Fe is much worse than 
4He.
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𝐸)* =
2𝑀𝜀 + 2𝑀𝐸0 − 𝑚0

3

2 𝑀 − 𝐸0 + 𝑘0 𝑐𝑜𝑠 𝜃0

𝐸DE0 = 𝐸0 + 𝑇H + 𝜀



2.26 GeV

ECal(e,e’p)

4.46 GeV

EQE (e,e’)EQE (e,e’)

ECal(e,e’p)

EQE (e,e’p)

Large E dependence

12C
1.16 GeV 

ECal(e,e’p)

EQE (e,e’)

EQE (e,e’p)

EQE (e,e’p)

20
Better reconstruction at lower energies.



EQE vs ECal

4.46 GeV 

Agreement between to methods 
doesn’t imply correct energy 
reconstruction.
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The fractional energy 
feed down is bigger at 
higher energies.

-1      -0.8.     -0.6.    -0.4    -0.2        0        0.2.      0.4

56Fe

12C

-1      -0.8.     -0.6.    -0.4    -0.2      0        0.2.      0.4

ECal – Etrue/ Etrue

ECal – Etrue/ Etrue

EQE

22



1. The first use of electron data to test neutrino energy reconstruction algorithms
§ select zero-pion events to enhance quasi-elastic signal

² Subtract for undetected 𝜋 and extra p.
§ just using scattered lepton (EQE )

² used in Cherenkov-type neutrino detectors
§ total energy of electron plus proton (ECal)

² used in calorimetric neutrino detectors
2. Only 0.1-0.66 of events reconstruct to within 5% of the beam energy 

§ better for lighter nuclei
§ improved by a transverse momentum cut

3. Added 1GeV analysis.
4. Analysis complete.
5. Update note for committee.
6. Anticipate paper submission soon.
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Summary

Afroditi
Papadopoulou
(MIT@FNAL)

Adi Ashkenazi 
(MIT@FNAL)

Chris Marshal 
(LBL)
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e- momentum correction3He (e,e’pp)n     
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1    1.5   2                         4   4.5    5   

(e,e’) 𝜋±/𝛾 subtraction

26EQE [GeV]

56Fe 4.46 GeV
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𝜋 detected in TOF+DC
𝛾 detected in EC

Subtract undetected 𝜋±

𝑵𝜸 = 𝟎

𝜋± subtraction 𝜋±/𝛾 subtraction



4.46 GeV
Proton subtarction56Fe (e,e’p)
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Subtrac=on 𝐮𝐧𝐝𝐞𝐭. 𝝅±, p


