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Neutrino-Nucleon Quasi-elastic
Scattering
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Charged Current Quasi-elastic (CCQE) Scattering

Scattering from a free nucleon
Lepton Conservation - emit a charged lepton and knock out a
different flavor nucleon

first derived by C.H. Llewellyn-Smith

M doe  M2GZcos?0 _ s — u)*
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\ A, B, and C terms are composed of the elastic vector,
pseudoscalar, axial form factors, which characterize
the hadronic structure of the nucleon.

S
S
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Q? is the four momentum transfer
M is the mass of the Nucleon
G 1s Fermi constant
O 1s Cabibbo angle
* E, is the neutrino energy
Mandelstam variables

e s=(k"+ pu)Z

. — (kM — ph)2
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CCQE Formalism for Scattering from a free Nucleon

» The vector form factors (Fy and FZ) can be related to

arXiv:0708.1946[hep-ex]
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Gr, G : proton and neutron electric form factors
Gy, GN : proton and neutron magnetic form factors
Wp, Wy, : proton and neutron magnetic moments

Tammy \“n, Fermilab (Hampton University)

the nucleon eleciromagnetic form factors, which are

described by electron scattering data.

» A first order approximation (Goldberger-Treiman
relation) relates the pseudoscalar form factor (Fp) to

the axial form factor.

= The axial form factor (F,) is approximated by the

dipole form.

nuclear g-decay experiments

2 _\FA(Q2=0)
Fo(Q?%) = >

QZ
1+ 2 .
M}/ Axial Mass

Extracted from nevutrino quasi-elastic
cross-section measurements.
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Scattering from a Nucleon in the Nucleus

Nuclear Medium |
= Model by the Relativistic Fermi Gas (RFG) Model. ~ these ingredients plus the CCQE formalism

Scattering Physics
®» Describe by the Plane Wave Impulse Approximation.

G. Zeller

. . _ 2.51
®»  Assumes scattering from independent nucleons in the s AL PRBR N HSTAID, 1 COMMGASE 200 GETTE € e
nucleus. o BEBC. NP B343, 285 (1990), 52 ¥  Serpukhov, ZP A320, 625 (1985), Al
2 " BNL, PRD 23, 2499 (1981), D2 * SKAT, ZP C45, 551 (1990), CF;Br
® FNAL, PRD 28, 436 (1983), D
— prediction (M,=1.0 GeV)
®» Assumes the initial state nucleon is at rest. 1.5

= Many options for calculating the event kinematics.

= | epton only < the most common method.

n - p) (108 cm?/ nucleon)

= | epton and nucleon {)
= Nucleon only - ¥
< 107 1 10 10
_ E, (GeV)
Nuclear Physics
i - i i 2 .
= The nucleons obey Fermi statistics — implementation of Most measurements are from V — “H scattering =
Pauli blocking. treated as scattering from a fiee neutron target.
®» Binding Energy — based on electron scattering data.
g Eneray d M, ~ 1.0 GeV/c?
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Scattering from Nuclel with A > 2

Scattering from heavier

targets — higher event
rote ©
x1 0'39 (T. Katori)
NE 1 6 ;_ 1 do not see the proton.”
G ::gz_ * MiniBooNE
°© 40 L i
T
6= * NOMAD
4:— Fermi Gas (MA:]BS GeV) ] see the proton.”
28 S e Fermi Gas (M,=1.03 GeV)
10" 1 10  EGERFE (GeV)

axial form factor 22

Tamm additional strength.

The dipole form does not describe the

Increase M, to account for the

Phys. Rev. C 82:045502 (2010)

Experiment | Target [Cut in Q* [GeV?]| Ma[GeV]
K2K oxygen Q*>0.2 1.24+0.12
K2K carbon Q*>0.2 1.14 £ 0.11

MINOS iron no cut 1.19 £0.17
MINOS iron Q> >0.2 1.26 +0.17
MiniBooNE |carbon no cut 1.35 +0.17
MiniBooNE | carbon Q*>0.25 1.27 +£0.14
NOMAD |carbon no cut 1.07 &£ 0.07

Datasets are
inconsistent
with the
results from
Deuterium!
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Solving the Axial Mass Puzzle

Martini et at., PRC 80, 065001 (2009) Feynman Diagrams of MEC
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. E, [GeV] meson or delta-induced virfual meson that is
. — being exchanged between nucleons in the
Enhancement in the QE cross-section is due to J d nucleus
the meson exchange currents (MEC), which can :

lead to the emission of extra nucleons at the
scattering vertex.
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Phys. Rev. Lett. 111, 022502 (2013)

Exactly One Year Ago: QE Results!

Measurement of Muon Neutrino Quasi-Elastic Scattering
on a Hydrocarbon Target at E, ~ 3.5 GeV

G.A. Florentlru ! D.W. SC‘hIﬂltZ 23 P.A. Rodrigues,* L. A]laga 56 0. Altinok,” B. Baldin,® A Baumbaugh 3
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Phys. Rev. Lett. 111, 022501 (2013)

Measurement of Muon Antineutrino Quasi-Elastic Scattering
on a Hydrocarbon Target at £, ~ 3.5 GeV

L. Fields,! J. Chvojka,? L. Aliaga,®* O. Altinok,® B. Baldin,® A. Baumbaugh,® A. Bodek,? D. Boehnlein,® S. Boyd,”
R. Bradford,> W.K. Brooks,® H. Budd,? A. Butkevich,” D.A. Martinez Caicedo,'®® C.M. Castromonte,'’
M.E. Christy,'! H. Chung,> M. Clark,? H. da Motta,'° D.S. Damiani,® I. Danko,” M. Datta,'* M. Day,?

R NaMaat 6:* T Navan 3 T Nranmar 12 QA Nhrtman 7 M A Nar 4 N Tharkr 7 N A Tdmandean 3

Quasi-Elastic Scattering of
Neutrinos and Antineutrinos
at MINERVA

Joint Experimental-Theoretical Physics Seminar
10 May 2013, Fermilab

David Schmitz, University of Chicago

Submitted the first QFE. cross-section
measurements to the arXiv.

The results focus directly on quantifying the
multi-nucleon contributions to the QE cross-
section for both the neutrmo and ant-
neutrino scattering.

1. Comparing the data to various models.
2. Studying the energy around the mteraction
vertex.

p(n)
n(p)

2/9/2014



1.) Model Comparison

18 MINERVA @ ¥ Tracker — CCQE
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Datasets are best described by the RFG with the Transverse Enhancement
Model, an empirical model (based on electron scattering data) that accounts
for the additional strength observed in the QE cross section due 1o

conftributions from both nucleon-nucleon interactions and two body currents
(MEC). b




2.) Vertex Energy

FESEESEESESSSEESSSNSEEENENEEEENEEERNR EHEEEEER 10‘
I <l - Both nucleon-nucleon interactions and meson
L4 i & | | exchange currents result in the emission of
VertexEnergy - 3

| multi-nucleons at the scattering vertex.
Recoil Energy Region

! . TRACKER . IECA HCAL ||~ . . .
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analyzed.
MINERvVA e v Tracker — CCQE
Area normalized
—— MC with syst. error
##+ Background The excess energy in data suggests that there
¢ Data are additional nucleons in the final states.

For the neutrino scattering, this says that these
initial state nucleons are predominately in a p-n

J . state configuration.

Vertex Enerlgy (MeV)
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Nuclear Physics is NOT that
Simple

To better model the event kinematics due to various multi-nucleon
processes = understand the kinematic distributions of the N-N
states = reconstruct the hadron final state system.

Need to understand hadron propagation through the nucleus!

For scattering from heavier nuclei, we must be able to decouple
nuclear effects that occur at the scattering vertex from the nuclear
processes that affect the final state system.

“Mystery solved!”
“What’s left to uncover?”

More knowledge about the dynamics of the nuclear medium =
better understanding of the neutrino-nucleus scattering!

Let’s focus on the final state interaction effects.

Tammy Wglon, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014



The Nuclear Environment Makes
Detecting the Correct Neutrino Process Not so Easy

Final state interactions (F'SI) alter the
kinematic distributions of the recoil nucleon.

FSIs can lead to many nucleons in the final state.

Non-QE neutrino scattering
Looks like a 2particle 2hole excitation.

processes can look like a QE

process = QE -like.

Tammy Wglon, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014



J.A. Formaggio and G.P. Zeller, Rev. Mod. Phys., 2012 & selier
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v cross section / E, (1 033 cm?/ GeV)

T2K, LBNE, NOvA

n, Fermilab (Hampton University)

Interplay Between Nuclear and Neutrino Physics

Event kinematic cuts are
likely to introduce biases
and are more sensitive
to the models.

Need more
cross-section
measurements
Neutrino energy is on heo\{||er
unknown. Must nuclei!

reconstruct the
energy from the
detected particles
in the final state.

Must rely on neutrino
event generators for
modeling the final

state particles. Many neutrino-

Joint Experimental-Theoretical Physics Seminar

interaction
processes occur in
this energy regime.
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Solid lines: multi-nucleon contributions

Dashed lines: genuine QE events

|

Nuclear Physics and the Neutrino Energy

2(M, — Eg)E, — |[(M,, — Eg)*> + m% — Mg]

QE _
E, =
Z[Mn —Eg —E, —p, cos Gu]

M

| Equation uses only the muon kinematics =
insensitive to the Fermi motion and FSIs.

Meson exchange current processes smear the
reconstructed neutrino energy.

Using the QE hypothesis which describes the
scaftering from a single nucleon bound in the
nucleus, does not precisely describe scattering

Joint Experimental-Theoretical Physics Seminar
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processes that are beyond the description of the
plane wave impulse approximation.
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Nuclear Physics and the Neutrino Energy

Mosel et al: arxiv 1311.7288
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At 3 GeV:

~50% QE

~20% A excitation
~30% DIS and 2p-2h
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Neutrino energy (GeV)

ampTon UNIVETSITY -

Final state interactions influence the
neutrino intferaction channel that the
experiment is measuring.

The extraction of the CP-violating phase
factor is highly sensitive to the
reconstruction of the neutrino energy.

Non-QE events smear the reconstructed
neutrino energy.

It is critical that effects of FSI are better
understood.

eoretical Physics Seminar
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Why is vN QE Scattering NOT so Simple®e

= The initial state nucleons in the nucleus are interacting, therefore they are
off-shell.

» Confributions from nucleon-nucleon correlated pairs and meson
exchange currents. Directly impacts the reconsiruction of the neutrino
energy when using only the lepton kinematics.

Joint Experimental-Theoretical Physics Seminar 5/9/2014

hon, Fermilab (Hampton University)



Why is vN QE Scattering NOT so Simple®e

= Hadrons that are produced from a primary interaction can interact with the
residual nucleus.

®» Contributions from inelastic processes. In these processes, the pion does
not escape the nucleus. Directly impacts the reconstruction of the
neutrino energy when using only the lepton kinematics.

Joint Experimental-Theoretical Physics Seminar 5/9/2014

hon, Fermilab (Hampton University)



19 Nuclear Effects and Final State Interactions

=» Produce a measurement that is insensitive to the modeling of the neutrino scattering process.

» Define a signal based on the event topology. Therefore, various neutrino intferactions enter
info the event selection.

» QFE = QE-like: muon, at least one proton, no pions

= Just because the event kinematics are reconstructed from the muon observables, DOES NOT
imply that the measurement is insensitive to FSI. In addition, the muon alone DOES NOT provide
enough information in order to decouple nuclear effects from final state interactions.

®» Reconstruct both the lepton and hadron final states.
» more information = more constraints.

» To understand the nuclear environment, we also need measurements from the hadron
system. Different observables have different sensitivities to the modeling of the nuclear
environment, which directly impacts the reconstruction of the neutrino energy.




Nuclear Effects and Final State Interactions

Previous QE Measurements QE-like Measurement

vi(v))

pn) P
n(p)
« Use only the muon to characterize the « Use both the muon and proton to
nuclear effects at the scattering vertex characterize both the nuclear effects that
for the quasi-elastic scattering. occur at the scattering vertex and inside of
the nuclear medium for all events that look

like a quasi-elastic process.
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The NuMI Beam
and
MINERVA Experiment

Tammy Wglon, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014



The NuMI| Beam Line

Figure courtesy of Z. Pavlovi¢ Muon Monitors
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The Neutrino Flux

NuMI Low Energy Beam, Right Sign

= [ ®» The presented analysis uses only the neutrino energy
g 100 spectrum.
o T ..corrected flux

o [ = :

S 80— Tl

- E N | A N reteaseasenaseass

9 T —V
= ol " ® The shape analysis is insensitive to the neutrino flux (the
E

£ uncorrected flux . .

B modeling of the neutrino event rate).
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= L » The differential cross section that is produced for this

I analysis, integrates over all neutrino energies.
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The MINERVA Detector

Composed of 120 modules stacked along the beam direction.
Fine-grained scintillator core surround by electromagnetic and hadronic calorimeters.
MINQOS near detector serves as the muon spectrometer.

3 orientations
0, +6 ,—60 [ Elevation View
— A
Side HCAL u
/
Side ECAL vaadd
oooooooooooooooooooooooooooooooooooo / 3 c
= g . :/ ‘6 3
3 D~ v-Beam ~Tlle 0 9
- o) . 'g o o b £
o||§ ik eS| o8 af
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— A\ 4
— <+ 5m > 2 M
Tommyk\gn, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014




Event Reconstruction

®» Searching for events with one muon frack and af least one proton track.

» Fvent kinematics can be reconstructed from the muon, muon and
leading proton, or leading proton.

» Al events with a muon that exits the Inner part of the detector are KEPT.

Tammy Wglon, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014



Data Event

104

©
K
-
Strip number

Module number

| MINERVA Tracker Region: X-view

Tammy

n, Fermilab (Hampton University)

Strip: view from the top of the detector

Joint Experimental-Theoretical Physics Seminar

Where do the muons go¢

I Colors = energy

e —-—._.._____HL-_

2Mm

lMINOS U-view

Muon exits the Tracker Region and is
track matched by MINCOS.

5/9/2014



Where do the muons goe¢

g
£
2
% ~Module number Muon exits the Tracker Region and
| | the MINERVA track is matched to
| MINERVA Tracker Region: X-view | hits in MINCS.
inENF.NMEEEEEEER ISR f & i 8 § § 0 @
‘i‘f: | MINOS V-view
. _."".“'.'-'--._______‘__.__-_4 [ |
K T~y )
2Mm
1004
T Colors = energy
Data Event =l
W 'I‘Illlll II
5 4 5] B 10
MeV
5/9/2014
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Where do the muons go<¢

1004

its

Colors = energy

H

| MINERVA Side HCAL

104

2 4 & 8 10
v, beam 5 | MeV

H 2

g

. il
MINERVA >~ Module number . .
Tracker Region: Muon exits the Tracker Region of the
X-view detector and is matched to hits in
the Side HCAL region.

| MINERVA Side HCAL

Data Event
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Where do the muons go¢

Colors = energy

!Mllllll Il | MINOS V-view B

2 I & B8 :D -
Mev [ AL
ERBRI==
NN ! D —
2m
3
Hl
i Module number
] MINERVA Tracker Region: X-view Muon exits the Tracker Region of the
Data Event | detector and is NOT matched to

MINQOS or to the Side HCAL.
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Isolating the QE-like Events

=» Event Selection

» Select events with two or more tracks, where one track is the muon and the other tracks are protons.

=» Signal Definition

= Atleast one proton Wi’rh: pp > 450 MeV/c. ———>| Tracking Threshold

= NO pions

Tammy Wglon, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014



® Requires that all of the hadron candidates resemble
a proton.

Fit each hadron track energy loss, dE/dx profile to
both a pion and proton energy loss profile for
particle identification and momentum
reconstruction.

Uses the y?/d.o.f values from both the pion and
proton fits to create a score and momentum.

For each track, gives both the
pID score and momentum!

+ Data

pion fit

——

dE/dx ( MeV/cm )
o~

proton fit

v by ey by by ey by by by e |
0 775 780 785 790 795 800 805 810
z position (cm )

Events / 0.05 units

ldentifying the Protons

100

80

60

x10° v, Tracker — " p
MINERVA Preliminary I:I .
proton
POT Normalized
3.04e+20 Data POT I:I pion

>

Removes events
with a fracked
pion.

‘ L L
0.2 0.4

| e
0.6 0.8 /

Proton Range pID Score
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Removing Events Beyond the Quasi-elastic Region

proton
muon
event vertex

" P -~ ""0\ vertex energy
Topological y \
observable is / h

1

: *_
defined as '\ @ -‘
0
\\ e

/
m

vnattached visible
energy.

Tracker Region ECAL Region HCAL Region

The hadronic invariant mass W > M, for the non QE-like events, where the proton is tracked in this
analysis. Events with M,Z, <W?< Mi++ most likely leave little or no extra energy.

* Very large amounts of extra energy which is not on the muon or proton track, most likely corresponds to
final state particles that were not tracked. NOT a signature of a neutrino-nucleus interaction in the
quasi-elastic or transition region.

Tommy&en, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014



Removing Events Beyond the Quasi-elastic Region

v, Tracker — W p ® MINERVA Preliminary v, Tracker — u p ®* MINER VA Preliminary

> f >
Y - 2 ~ Y -
| S v Qoep = Tp S o
8 0.5 8 0.5
?J I~ CCQE-like ?J , non CCQE-like
= - = -
QGE,p : four momentum = 04E = 04E
- = . : =
transfer for QE scattering z 03 Signal Events %z 03- Background Events
from a nucleon at rest, using | = r > F
: : = 02 = 02
only the proton kinematics = | z
8 0IF 8 01
: : 3 e igia \ 3 lE igna \
T, : the proton kinetic g OO.Sg'. e T g OOSg' e S IR
cnergy Reconstructed Qf)E Kt GeV?) Reconstructed QéE Kt GeV?)

‘ Signal Region \—

Higher energy protons are more likely to re-scatter.

The Rinetic energy of those protons is reconstructed too low.

Higher energy protons migrate to lower bins, while leaving large amounts of energy
depositions which correspond to their secondary scattered products.

Tammy hon, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014



Removing Events with Soft Pions

T T — .
mt - pt+ (V) Veto events with a <10 v, Tracker — " p
T — eV . h =
H € VeVu Michel electron found E sl o MINERVAPrelminay
p.+ — e+VeVu . . > - POT Normalized
near the interaction 2 wf . 3.04¢+20 Data POT
g E
vertex. = BF
300 CCQE-like
2 it & michel
25 - & michel
= | " & no michel
20 ? 1" & no michel
152_ |:| :ther
Removes events with o — oS
IOW €H€I'gy piOHS that has vertex michel electron
stop and decay in the
detector.
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Muon Topology of the QE-like Candidates

Ihclude ALL muons = more statistiCs ©
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Tammy

For the entire sample, we cannot use
the muon kinematics to reconstruct
the event kinematics.

Include tracks matched to hits in the
Side HCAL = broader scattering
0, acceptance.
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Reconstruction of the Event Kinematic

 Reconstruct Q2 using kinetic energy of the leading

proton. %107 v, Tracker — L' p
< -
% 22 — MINERVA Preliminary W =-12.83:0.12
* Use the QE hypothesis. S 20 o~ 10OR0I
=) - o pn=-9.7240.58
s 18 = G =79.46+0.78
* Assume scattering from a free nucleon at rest. g 16 i 6191 14
S &
2 12 2 ' ! = 12F
* Qogp = M) — M +2M (Tp +Mp, -M )r 100 c ~ 16 MeV/c
* M'= My — Eping i3
*  Eping 1s the binding energy 6 =
* T, is the proton kinetic energy 4 =
* M, is the mass of the neutron b
- R R B IR B
* M, is the mass of the proton S00 -150 100 50 0 50 100 150 200

Reconstructed - True p ) (MeV/e)

Dy, 1s the proton momentum
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v, Tracker — " p ® MINERVA Preliminary

True MC (QE-like)

Using the leading proton —=——_ ——

——
—
e

_=_

'u' |

—— Event Kinematic — —
—— Muon Kinematic = _|_
> 4+t
Proton Kinematic Before FSI ==
Proton Kinematic After FSI —+
= K —+
—— 4+
Proton Kinematic —— —_

Q; (GeV?)

QE.Event

n, Fermilab (Hampton University)

1
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Joint Experimental-Theoretical Physics Seminar

Reconstructing Q4 from the Muon vs. Proton

The primary message:

The Q% is smeared at all values when
calculating Q? from the proton
kinematics.

This smearing is due to not accounting
for the Fermi motion and FSIs.

5/9/2014



How well does GENIE Model the Nuclear Environmente

__ pbredict _ Areco
AB = Hproton proton

e Use the MINOS-Match Tracks sample.
a well-reconstructed energy.
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N MINERVA Preliminary proton
@ — Unmatched [ pp‘r‘o ton
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QE-like Candidates

Data Candidates = 40,102

with a pion in the final
state dominant
background.

%107 v, Tracker — U p
> - MINERVA Preliminary
<) 121 . POT Normalized .
bt - i 3.04¢+20 Data POT Requiring the hadron to resemble a
= -
s 10| ranging out proton — drop in the
& - efficiency.
§ 8 |:| QE-like Y
= 6:_ W I:I Resonant /
) | DIS
Resonant Production - e
41—

ﬁ I:I Other

:,_I_% 5
L 1 L ‘ 1 1 | j i ‘ : : !
0.5 1 1.5 2
Reconstructed Q f)E o (GeV?)

/

)

The QE-like signal is predicted to consists of:

Tracking threshold prevents the QE =72.37%
reconstruction of events in the first bin. Res =23.9%
DIS = 3.8%
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Differential cross section vs.

four-momentum transfer Function to convert from Q%eco
calculated for QE scattering from to Q%ru e using the leading
a free nucleon at rest. proton kinematics.

Background

constrained by the data

L

1

Bin width

Integrated neutrino

Product of the selection
flux and number of

efficiency and acceptance
nucleons

Tammy Wglton, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014




The non QE-like Backgrounds

Largest background: Resonant (primary from the A** production) with a pion in the final state
(~20%).

» Deep Inelastic Scattering makes up about ~6% of the background.

= Neutrino cross-sections have large uncertaintfies = use the data to tune the background.

®» Resonant and DIS are the largest contributions = backgrounds are separated into “two-
components”. Resonant and DIS plus others.

Use a multi-sideband procedure to obtain the “lwo-component” background scales.
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Tuning the non QE-like Backgrounds

» Stepl: Select four consecutive sidebands outside of the signal region.

I
v, Tracker — " p  MINERVA Preliminary v, Tracker — [ p  MINERVA Preliminary N Sideband 4
> [ Signal Events - Background Events
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"’ : ------ h : --------
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» Step 2. For each sideband, exiract weights that force the data and simulation to match perfectly.

2 12
Reconstructed Q OEp (GeV”)

/!

2 2
Reconstructed Q OEp (GeV?)

sideband 1 — sideband 4

« The fraction of signal events decreases.

 The relative fraction of Resonant to DIS
events changes.

« The agreement between the data and
simulation becomes much better.

ENntc

Background Scale Factors

2 2
Reconstructed Q OEp (GeV?)
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for the Resonant an
of the sidebands are perfectly aligned.

= Step 3: Fit each Qgg, bin to a line. The fit extracts scale factors simultaneously
DIS plus Other components, with the assumption that all

Tammy I

v, Tracker — j1”p ® Q*[0.46 - 0.59] GeV *

GZM 4

22 35
Z

XE 3
mﬁ

25

2

15

]

y =0.52 + 0.98x
xYndf = 2.86/2

scale factor

slope = DIS scale factor

y-intercept = Resonant

0.5 ) 15 2 2.5 3 3.5
Bkgd
NDIS,Other

n, Fermilab (Hampton University)
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The Background Scale Factors

v, Tracker — u p ® MINER VA Preliminary

2.5

B Resonant
. i DIS + Other
s 20
2 B The results show that GENIE
E 15 overestimate the Resonant production.
ERR
b - R — 5 : These scale factors are convolution of
s e el A - the modeling of the neutrino primary
En - intferactions and final state interaction:s.
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Systematic Uncertainties

Primary Contributors to the total Systematic Uncertainty

» Neutrino Flux

» Proton Response (Detector Response of the Reconstructed Protons)

» Geant4 Response (Detector Modeling of the Hadron Inelastic Cross-section)

—

» Neufrino Cross section Models .
__Will focus only on these

» S| Models sources.

Tammy Wglon, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014



Systemartic Errors: Cross-section Model

GENIE 2.6.2 Model parameter

CC resonance prod. normalization +20%
Vi L~
\ Resonance model parameter (M,) +20%
W Non-resonance pion production +50%
A++
S
p+mt v, Tracker — 1 p - do/dQ’ Data Uncertainties
P >, [Meeeeeeenceesnssesnncesonsonn
= 3 — Genie MaRES : MINERVA Preliminar
.E Olj..;a;n;‘;}\,l.v.li};s. ....... Y
/ E = = Genie NormCCRES
. . = |~ —— Genie NormNCRES
Primary background is from the Resonant o> 0.081-
production. = i
S 0.061-
g -
Uncertainties on the cross-section models enter = 201
through the efficiency-correction. F -
Oilw_lv—\—v—lww'\\\\\\llwwl
0 0.5 ] 1.5 2

Reconstructed Q EE ) (GeV?)
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Systemartic Errors: FSI Model

pion/nucleon mean path +20%
pion/nucleon charge exchange +50%
g
pion absorption +30%
pion/nucleon inelastic cross-section +40%
elastic cross sections +10-30%
Multi-mt
/ v, Tracker — U p - do/dQ’ Data Uncertainties
—= £ 006\ — Gemercami — GeneFravspi
The uncertaintfies on the FSl also enter into the B ) pf T CeREmN G .
. . . : |- —— Genie FrInel N2 Genie Frinel pi
analysis at the efficiency correction. g ) ol — G e
= Vil
E 0 ]f— MINERVA Preliminary
The modeling of the kinematic correlation 5 0.081 —
. = -

between the pion and proton for the 0.061 [

Resonant production, causes the 004 O

uncertainties on the GENIE pion production 0ok [ H ,'

models to become significant in this analysis. f I —

s T 15 2

Reconstructed Q f}Ep (GeV?)
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Cross-section Results
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e f ¢
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Before interpreting these results, we will focus on the pure QE component of this
QE-like cross-section.

To interpret these results, we will focus on the shape analysis.
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Comparing the pure QE Cross-sections

This QE-like cross section consists of a pure QE component with a muon frack-
matched by MINOS.

» We can compare this subset to the published QE cross section.

» Recall that the published QE measurement is best described by RFG+TEM, which says
that our data sees evidence of “two-body” currents. Furthermore, the shape analysis
shows that RFG does NOT best interpret the QE regime.

» Note that the common systematic uncertainties are not canceled due to the
differences in the software versions that were used to produce each result.
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n+p+X ~1e20
n+X ~3e20
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Comparing the pure QE Cross-sections
Qe Analysis | POT

Although, the recoil system and background tuning procedure
are treated completely different per analysis, we see consistency
between the measurements.
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Interpreting the total QE-like cross-section

» QE-like cross section consists of both the Quasi-elastic and Inelastic components.

» First we will evaluate how the neutrino event generators describe each
component.

» This is critical for understanding the primary results.

Tammy Wglon, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014




Modeling the Momentum Distribution of the Initial State Nucleons

Short Range Correlations

* Nucleons in the nucleus come very close —
intferact strongly — undergo hard collisions.

« Gauge boson, W is absorbed by the nucleon-
nucleon correlated pair.

« Electron-carbon exclusive scattering experiments
at Jlab observed nucleons in a N-N correlated
pair approximately 20% of the fime.

« GENIE models only the high momentum tail of
these correlated N-N states via the prescription
of Bodek-Ritchie model. Bodek and Ritchie Phys.
Rev.D23 (1981)1070.

Tammy \/“n, Fermilab (Hampton University) Joint Experiment

J. Arrington et al., arXiv:1104.1196 [nucl-ex]|
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Model Comparisons

v, Tracker — 1" p ® MINERVA Preliminary
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GENIE best describes the QE-like measurement.
This is NOT the best model for the previous QE
results.
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QE-like background tuning procedure shows that the
event rate for the Resonant production is overestimated.
Recall that these scale factors are a convolution of both
the pion production event rate and pion absorption.
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Modeling the Inelastic component

Additional interpretation of the results. We will also
evaluate the results with the GENIE Resonant production
scaled down by 30%.

_ %107 v, Tracker — 1" p _ %10 v, Tracker — 1" p

g 25 B MINERVA Preliminary - —_ MINERVA Preliminary

8 L Absolutely Normalized = Absolutely Normalized

3 | 3 [

2 i = i

=] B GENIE QE-like Inclastic = B GENIE QE-like Inelastic w/
a 2 [ a ] 1 5 = Resonant x 0.7

z | z f

& [ & i

S~ B ~. -
NE ] 5 S LT Y NuWro QE-like Inelastic NE I T N T LT LT NuWro QE-like Inelastic

] | ®) ] -

N B el n

- Y

No o 1 — > NO o N

S L 3 i

) - o) 0.5

= 0. 5 __ = i .'c %

0_ 1 | L | I | 1 | 1 I 1 I...l...l...T...I-- 0_ I I ......I -----
0 0.5 1 1.5 2 0 0.5 1 1.5 2
2 G 2 2 2
eV GeV
Qe ¢ ) O, ¢ )

on, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014



%107 v, Tracker — |I' p

: E MINERVA Preliminary
-39 - = = Shape Comparisons
_ ) v, Tracker — " p o 7E pelonp
= » MINERVA Preliminary S E ¢ Dita
3 7E Absolutely Normalized g 6F
= - i - - GENIE RFG w/
é - -‘ e Data é sE Resonant x 0.7
P 6 = . I E w== NuWro RFG
> - 1 GENIE RFG w/ = N
<P] L s Resonant x (.7 & 4 — y
4] S - - = NuWro LFG+RPA
a I NuWro RFG L:: 3 :_
£ [ a o - fF N e NuWro RFG+TEM
b us NuWro LFG+RPA s h < -
N’ - uywro + |
= ™ a pe % 2 ==+« NuWro LFG+RPA +Nieves
= [ [
ST i L \ N A NuWro RFG+TEM = =
g
S 2K =1=+= NuWro LFG+RPA+Nieves - ;
w : n E 1 1 1 1 I 1 1 L 1 L 1 1 1 I 1 L L 1
] - l\. 22 :_ e Data
[ N GENIE RFG w/ i
[ L] i 2 - Resonant x 0.;‘, NuWro RFG
00_ . 0'5 T '1 T 7 '5 S > = - NuWro LFG+RPA ~ ===- NuWro RFG+TEM
= -
: 2 2 g LEF  sase NuWro LFG+RPA+Nieves
Q> (GeV?) g F
QE,p =~ 1.6
> =
5 14F
= -
Z 1.2
- - -y T I
- i n LT
~ O S e e e S
L o8 L+ T -
b= -
[ 0.6 :_ Shape Complarisons | |
0 0.5 1 1.5 2
2 2
Qi (GEV)

Tammy Wglon, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014



v, Tracker — u" p ® MINERVA Preliminary

~ 2 2 e e Data
— N GENIE RFG w/ .
X 2 - Resonant x 0.7 NuWro RFG
= C NuWro LFG+RPA ~ ===e= NuWro RFG+TEM
“ -
g 1.8 ... NuWro LFG+RPA+Nieves
2 _
) [
S 1.6F
>~ ~
> 14F
E —
Z 1.2
E')] [
o I
- _
.é 0.8
[ 0.6 :_ Shape Complarisons I I
0 0.5 1 1.5 2
2 G 2
eV
QQ]E,p ( )

The conclusion remains the same with the GENIE
Resonant component scaled down by 30%.
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Summary

The cross check between the published QE and pure QE component of the QE-like cross-section shows
consistency between the measurements.

= From the shape analysis, GENIE best describes the v, QE-like data.

» There exists evidence that GENIE mis-models the pion production event rate. Therefore, an alternative
interpretation was provided, where GENIE Resonant production was scaled down by 30%.

» Since GENIE models the shape of the QE and inelastic components approximately the same, the results
from the alternative shape analysis also show that GENIE best describes the data.

» This event selection consists of various different components, which CAN be separated.
» Pure QE component.
» QE-like component where both the muon and proton are tagged.

» These components have different sensitivities to the modeling of nuclear effects and FSI. Along with the
published QE and pion production results, this dataset has the potential to disentangle the hard
scattering from FSI effects.
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Future Analyses and Conclusions
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Future Quasi-elastic Measurements in MINERVA

International Workshop on Neutrino-Nucleus Interactions in the Few-Ge Region: Nulnt14

» Present update results with new model comparisons for both the anti-neutrino and neutrino QE
cross-sections.

» Evaluating the correlations between the anti-neutrino and neutrino QE systematics.

= More results from the muon-proton QE-like portion of the presented analysis.

= The analogy of this presented QE-like analysis on the nuclear targets (C,Fe,Pb).

= Nevutrino QE-like double differential cross-section measurement using either the muon or
proton kinematics.

= More on the Michel electron analysis.
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Conclusions / Final Thoughts

» Presented is the FIRST-EVER measurement of the QE-like cross section using the proton kinematics.
» First muon neutrino analysis to incorporate ALL of MINERVA exiting muons.

» The modeling of both the pion production and the pion FSI has a significant impact on the interpretation of this data.
» The results show that the QE-like cross-section is best described by GENIE.

» The first published neutrino QE measurement is NOT best interpreted by GENIE. However, the QE component of this QE-like
cross-section is consistent with the first published measurement.

» MINERVA recent pion production measurement also presents some tension with GENIE.

- AI’rhTngh the individual components are not accurately modeled by GENIE, GENIE best describes the total QE-like cross-
section.

= This analysis is a benchmark for decoupling the challenges in modeling the different
components of the neutrino-nucleus interactions in the quasi-elastic/inelastic
regimes and FS| effects.
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The QE Shape Analysis
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Focus on the shape analysis.

* Systematic errors are reduced.
* Insensitive to uncertainty on the neutrino flux ©.

Tammy Wglon, Fermilab (Hampton University) Joint Experimental-Theoretical Physics Seminar 5/9/2014



Unattached Visible Energy
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Unfolding: Bin Migration Matrix

v, Tracker — 1" p
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Efficiency Correction: Efficiency Function

v, Tracker — |1 p

> - VINERvA Preliminary The efficiency function that is used to correct
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Comparing the Reconstructed Qg , for the pure
QE samples with MINOS-matched frack.
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*  Afle,e’,p) scattering can separate the cross section into the

transverse fr and longitudinal f; components.

* fr = fr for the independent nucleons.

[
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Guidance from Electron Scattering Dato

Observed additional strength 1n the transverse

component of the cross section which 1s likely due to
N-N correlated pairs and two-body currents (Meson

exchange currents (MEC)), which can produce

multinucleons at the scattering vertex.
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Fit

s

Infroduce an Empirical Model: Transverse Enhancement
Model (TEM)

for different Q2 bins

® Accounts for additional strength that 1s observed 1n the
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transverse component of the QE cross section by
modifying the nucleon magnetic form factors.
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Random Phase Approximation

Slide courtesy of D. Schmitz - Wine & Cheese

Why RPA (1)

RPA (random phase approximation) are nuclear collective effects which
according to Martini and Nieves are necessary to reproduce MiniBooNE CCQE
data.

e Polarization (RPA) effects. Substitute the ph excitation by an

m analogy:
polarization effects,

RPA response: series of ph and Ah excitations.
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| screening electric
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renormalized.
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3. Contribution of Ah excitations important
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Final State Interactions

Slide courtesy of B. Eberly — Wine & Cheese

Neutrino oscillation experiments use neutrino event generators (Monte Carlo) to
understand neutrino-nucleus interactions

 Many current and future experiments use GENIE

GENIE has two FSI models:

* hA —use Fe reaction cross section data, isospin symmetry, and A%3 scaling to
predict FSl reaction rates

 hN -step final state particles through the nucleus and simulate full particle
cascade using angular distributions as a function of energy
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Final State Interactions

Slide courtesy of B. Eberly — Wine & Cheese

GENIE: Use p,m1 scattering on Fe data as basis for FSI model.

- @

NuWro: Step interaction products through nucleus and use
nucleon cross sections (Oset dataq).
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GENIE Uncertainties

Cross Section Model Uncertainties *Intranuclear Rescattering Uncertainties
Uncertainty 1o
Uncertainty 1a
M, (Elastic Scatlering) + 25%
Pion mean free path
Eta (Elastic scattering) T 30% P + 20%
M» (CCQE Scattering) 25 Mucleon mean free path + %
- Fion fates — absorption + 30%
—15% -
- Pion fates — charge + 50%
CCQE Normalization +20% exchange
—15% FPion Tates — Elastic + 10%
CCQE Vector Form factor model onfoff Pion fates — Inelastic + 40%
CC Resonance Mormalization + 0% Pion fates — pion + 0%
Ms (Fesocnance Production) + 0% production
Mucleon fates — charge 5
My {(Resonance Production) + 10%: exchange & + 30%
1pi production from v/ Va non- + 50% Nucleon fates — Elastic + 30%
resonant interactions Nucleon fates — Inelastic + A0%
1pi production fn:_rm vn/vp non- + 50% Mucleon fates — absorption + 0%
resonant interactions _ ——
2pi production from vp / Vi non- 1 50% ;:EEE’[TO?ES — pion + 20%
resonant interactions = AGHKY hadronization model + 2%
2pi production from vn /¥ p non- + S0% — ¢ distribution - -
resonant interactions Delta decay angular Onloff
Modfiy Pauli blocking (GCQE) at low G + 30% distribution
{change PB momentum threshold) Resonance decay + 0%
branching ratio to photon

References: (1) www genie-mc org, (2) arXiv.0806 2119, (3) D. Bhattacharya, Ph. D Thesis (U.
Pittsburgh) 2009.
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Normalization Factors for the Shape Analysis

GENIE RFG 1.087
NuWro RFG 1.297
NuWro LFG + RPA 1.315
NuWro RFG + TEM 1.142
NuWro LFG + RPA + Nieves 1.014
GENIE RFG w/ Resonant x 0.7 1.189
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Correlation Matrices
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Focus on the Shape Analysis
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Fractional Uncertainty
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