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Outline

1 The importance of energy reconstruction in neutrino oscillation
experiments.

d What can we learn from e- scattering studies?

[ Testing neutrino beam energy reconstruction methods with electron
scattering JLab CLAS data.
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Neutrino-nucleus interaction modeling

Phys.Rev. D89 (2014), 073015
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Energy Reconstruction for QE reactions

(2) Tracking detectors:

* Detect: Charged particles + mt°

(1) Cherenkov detectors:

* Detect: leptons & pions

. * Miss: Neutrons and charged
e Miss: protons and neutrons

particles below threshold.

Use Lepton kinematics Use Final-State Calorimetry
Assuming QE interaction Assuming low residual excitations

2Me + 2ME; — m?

ECal =El+Tp+€
Z(M — El + |kl|COS(01))

EQE —




Why electrons?

Known incident energy

High intensity

Similar interaction with nuclei
— Single boson exchange

— CC Weak current [vector plus axial]

—_ —lgW

* ]Mi = u 2 (vt — yu]/S)u

— EM current [vector]

Similar nuclear physics

e-N QE



Nuclear Physics

Giant |
resonance
Elastic NUCLEUS
Quasielastic.
do A,
dw Dip N DEEP INELASTIC
W EMC V74
I I &
2 2 2 woryv
'29,: -2% -é(lm- + 300 MeV



Nuclear Physics

Giant |
resonance
Elastic NUCLEUS
do |
DEEP INELASTIC
da) W EMC 7
I L
Q’ Q% 4 300 MeV
2A 2m




Nuclear Physics

Giant |
resonance

NUCLEUS

Elastic .
Quasielastic.
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. 3
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Meson ) ]
Resonance Exchange Short Range Final State
Correlations Interactions
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Targets:

E2a experiment

CLAS: 3He , “He, 12C, °°Fe

T2K: CH, H,0

Minerva: 3He, *He, C, Fe, H,0

Microboone: Ar

Miniboone: mineral oil (C, H, O)

Nova: C6H3(CH3)3
DUNE: Ar

Vi flux (arb.)

Neutrino exp’r beam energles

- T2K] off-axis'
MiniBooNE

2.2GeV

06 T2K on-ax|s
NOVA near

detector

4.4GeV
CLAS

energies

|
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CLAS detector package
3D view

| 4m acceptance (almost).
<> Charged particles (8-143°):
= P, >300 MeV/c
= P_>150 MeV/c
' <= Neutral particles:
= EM calorimeter (8-45°)

Jefferson Lab
CLAS Detector

Beam

As close to QE as one can get:
e Scattered electron,
* Knockout proton,
* Zero pion,
* ZeroyintheEC.
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Background Subtraction

Want Orr (e,e’) and (e,e’p) events.

Need to account for undetected m, y and extra protons.

160

120

40 ff

CLAS acceptance
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Background Subtraction in (e,e’p) analysis

Want A(e,e’p) events.
Subtract for undetected m, ¥ and multiple p. e

Data Driven Correction:
1. Use measured (e,e’pm) events,
2. Rotate T around q to
determine their acceptance,
3. Subtract (e,e’p)m contributions
4. Do the same for 2p, 3p, 2p+ 1 etc

%Fe 4.4 GeV

*104
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Results



2Me + 2ME,; —

E =
QE Z(M - El + |kl|COS(91))

ECal:El-I_Tp-I_g

Weighted events

Weighted events

Large A dependence
2.26 GeV

x10°

“He

2_

EcaI (E,E’p)

Eqe (e,€’p)

Nl TS e '
0 05 1 1. 5 2
x10° Erec [GeV]

3

S6F¢

0.4~ E..i (e,e’p)

Eqe (e,e’lcl))h;f”’

OD

1.Eqe has worse peak
resolution than E,;
2.Same tail for Eqe+Ey,
3.°°Fe is predominantly
tail.

4.°°Fe is much worse than
“He.
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Weighted events

Weighted events

x10”

E dependence

|
2
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The fractional energy feed down is bigger
at higher energies.

f
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Al 1 i I IR L = R R
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ECaI - Etrue/ Etrue

Better reconstruction at lower energies.
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Eqe VS Eca

Agreement between to methods
doesn’t imply correct energy

reconstruction.
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2.2 GeV °%Fe

0.5

%

How do we do better?
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J_ o
P slices

miss

EQE IECaI

4He

L) RLLL] WAL AL LA LU R LA L

...........................

0O 0.2 04 0.6 0.8
PL[GeV/c]

1. large P;.. ->bad
reconstruction.




Data — Generator Comparisons

AllllAl llll lll l]

1.8
Energy Transfer [GeV]

1 14 1.4
Energy Transfer [GeV]
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O Data vs Genie: everywhere

C(e,e’p) 2.26 GeV

L

No RadCorr

1

. RadCorr

e — Data

o
—.—_._

0 0.1 02 03 04 05 0.6
P{™ (GeVic)

0.7

0.9
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Data vs Genie: E,_,,,, Reconstruction

2Ms + 2ME; — mf
EQE —
Z(M — El + |kl|COS(91))

C(e,e’p)

GENIE , <02

02<p, <04
1.5 2 2.2.

Peaks in same location



Potential impact

DUNE oscillation signal

0é:ractional Energy feed down spectra

- 0.08
04sE- °°Fe(e,e’p) -
04 2.2 Gey ~ NEUT NEUT
: 0.06
035F
: 0.05
0.3F
0.25F GENIE | \'\‘m\ﬂa(vom
0.2F Pe c 0.03
0.15F |
- 0.02
0.1:— I
0.05E eA T 1 0.01
003 0e — 04 02 003 04 I S R S R A
2.26 GeV E__ fractional error Reconstructed E, [GeV]

-> Very different

«Compared E__ for eA to E_ for vA o
oscillation parameters!

«Used 2.26 GeV eA E . for all incident energies
«Threw events with VA Genie

Reconstruct with vA Neut or eA data

Will do with latest data.
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Summary

1. The first use of electron data to test neutrino energy reconstruction algorithms
= select zero-pion events to enhance quasi-elastic signal
<> Subtract for undetected 7, y and extra p.
" just using scattered lepton (Eq;)
<> used in Cherenkov-type neutrino detectors
= total energy of electron plus proton (E.,)
<> 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. First preliminary attempt to quantify the impact of this work on oscillation analysis.
0.08

E —eA
0.07¢ — GENIE

3
. . Reconstructed E, (GeV)
4. Under CLAS analysis review.

5.Anticipate paper submission soon.

Afroditi
Papadopoulou
(MIT@FNAL)

Adi Ashkenazi
(MIT@FNAL)

Chris Marshal
(LBL)




Appearance probability expected in DUNE for three different
sets of values of §.p and 043

v, CC spectrum at 1300 km, Am3,=2.4e-03 eV ?

1000 L L] | | | | | | | | | | I | | | | | | | | | | | | | | | | I | 0-2
n [ | VHZCC spectrum 0.18
*-5in“26,, = 0.0, §.,=n/a
800 k- o SiN°20,, = 0.1, 8 =n2 —0.16
5 >
< ——5in°20,, = 0.1, 8 =0 >
= | —-Sin22913:0.1,8cp:+1t/2 0.14 =
(4]
S 600t 0.12 2
S a
S P ﬂ 0.1 9
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S 400hf 0.08 =
()

O a
S 0.06 2

~ 200 0.04

0.02

\,
0 0
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Need AE, < 0.1 GeV.

arXiv:1307.7335 LBNE Collaboration 25



http://arxiv.org/abs/arXiv:1307.7335

Fractional energy feed down (E,.. — Etrue/ Eirue)

(e,e’p) - - £
- ECaI - QE
0.8 1 GeV 0.8 1 GeV
The fractional energy [ 2ge i 2Gey
feed down is bigger at 0.6} 12 0.6/
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0.2; 0_2;
i L | il IR R L. | SO R n: PR B B I N H S I S :
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1 1 1
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Percent of events reconstructed to within 5% of the beam energy

1.1 GeV 2.2 GeV 4.4GeV

Eqe le 'icea'lp Eqe le 'icea'lp Eqe le E‘:"lp
*He 44 66 32 54 21 41
‘He 25 46 16 32
12c 28 47 22 39 13 27
*°Fe 17 25 10 16

From 10 to 66% of events reconstruct to within
5% of beam energy.



Error sources (new)

Statistical error.

Errors of the weights for subtraction of undetected pions and protons.
<> Statistical error due to number of (e,e’m) events used to determine
undetected pion contribution
<> Rotate (e,e’m) events enough times to reduce statistical error below 1%.

Systematic error due to the ¢-dependence of the pion cross section modeled and
found to be negligible (less than 1%).
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-Systematic error due to the ¢-dependence of the cross section.

d°c
dQ,dQ dE,, do

miss

= KOy [VLRL + VR, +V R cos(Q)+ v, Ry, COS(2§D)]

K = (phase space)

v=1v(q,w) electron kinematics

Azimuthal angle of the
hadron plane and the
electron scattering
plane
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Cross section for unpolarized pion electroproduction on a single nucleon:

(W@ 5. 02) = A+ Beosd + Ceos 26

A= (o7 + eaL)%
v

B = O'LTZ—: sinf,+/2¢(e + 1)

7
%
Pr .
C = aTTk_: sin’ f,.¢
7
2 _ A2 1
gV M e W €= -
2M ! ‘ 14201 + 2 tan2 %)
Q? 2

Where p;, O and @ are the momentum, scattering and azimuthal angles of the Vin

the CM frame.

Weight without ¢ dependence Weight with ¢ dependence
Nundet Nundet
> 1 > 1+ B/Acos¢r + C/Acos2¢,
_ =1 =l
W o NDet W o NDet

> 1 > 14+ B/Acos ¢, + C/Acos2¢p,
; i=1
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Pr
Use maximum of structure functions from Markov et al. A= (or+ EUL)E
paper [ref] for cosd, = 0.1 and 0.4 < Q? < 1GeV?. !

The absolute values are the biggest for Q#=0.45GeV?. B—o Pr . 0.1/2e(c + 1)
= oy sinf,1/2e(e + 1)

PL

k*

Y

C = opp=Z sin’ @€

cose;o=0.1 Q°=0.45 GeV*

O, + €O
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Or

+ EGL

GTT

Or+ S0, cos6, =01 GP=0.45 GeV® O cot eV cos6, =0.1 0°=0.45 GeV*
2
m:.
Q°=0.45 GeV~ -op
¥, -15F
C_. .......... - a X N N N _ook L L L L
12 14 16 1.8 12 14 K 1 12 14 16 18
W (GeV) W (GeV) W (GeV)

Or+ €0 cosd, =01 Q=055 GeV* s cos, =0.1 @'=0.55 GeV* - cos8, =0.1 G'=0.55 GeV*

25 2 5

Q°=0.55 GeV?

T T T T

—10f
T
0 o _3 L L L L L L 1 L L
12 14 16 18 S 13 5 T 12 14 16 18
W (GeV) W (GeV) W (GeV)
Or+ €0, cosd, =01 Q=065 GeV* O cos, =0.1 O'=0.65 GeV* . cost, =0.1 G'=0.65 GeV*
20 ) :
15F
Q°=0.65 GeV? % '
=0. e j SC R
of R : - . . . R . . .
12 14 16 18 72 13 5 T 72 14 76 78
W (GeV) W (GeV) W (GeV)
Or+ 0, cosd, =01 GP=0.75 GeV® o cosd, 0.1 @'=0.75 GeV* Oy cosd, =0.1 G'=0.75 GeV*
<| :_
15F k
Q°=0.75 GeV* |
) —10F
0 i _3 L 1 L L E L L L L
12 14 16 18 12 14 16 18 12 14 16 18
W (GeV) W (GeV) W (GeV)
Or+ €0, cosd, =01 Q"=0.85 GeV o cos, =0.1 O'=0.85 GeV* - cos, =0.1 G'=0.85 GeV*
2 5
15F F
2 2 10f
Q°=0.85 GeV~ |
) S A _3 ! | L ! L ! ! L
12 14 16 18 12 13 16 T8 12 14 16 18
W (GeV) W (GeV) W (GeV)
Or+ =0, cos6, =01 GP=0.95 GeV* O cos, =0.1 0'=0.95 GeV* cost, =0.1 G'=0.95 GeV*

10|

Q°=0.95 GeV*

T
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Subtracting for undetected one m events in *®Fe(e,e’) 4 GeV analysis

_.
%

100:— H—I/‘\_LL\—\_LLSGFE 4 GeV 1.04:— 6Fe 4 GeV

a0l 3
- No subtraction "02:

s Phiindependent subtraction 1 - o

s . 0.98
- phi dependent i Ratio of phi-dependent and

20:_ 85— phi-independent subtraction

ol LB - | N T B B
0 1 2 3 0 1 2 3 4 depend

Eqe[GeV] Eqe/ Eqe # 46PN

Negligible phi dependence!
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