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About MINERvVA

MINERVA is a dedicated neutrino-

nucleus cross-section experiment, {

situated in Fermilab’s NUMI beam
along with MINOS and NOvVA.

It is able to make high-precision
cross-section measurements for many 4
different materials, in the 1-20 GeV

range.

Photograph: Reidar Hahn, Fermilab visual media services

+ MINERVA is excellent for probing the structure of the
nucleus, and its effects on neutrino scattering cross
sections

* [Its measurements can also provide vital information to
oscillation experiments

C. Patrick, MINERvA Collaboration 2



The importance of cross sections

Oscillation experiments compare

event rates with predictions to

determine parameters such as dcp.
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LBNF Sensitivity to ocp for different systematic uncertainties
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30% ocp Coverage

0o 200 400| 600 800 1
Exposure (kt.MW.years)

i; |
7 1%/5%
6 |
Ex T """'""_'_'_'_'_'_'_'.'.'.'-'-'-'-'-'-
< 4 |
N3 . |
© 3 : |
2 |
1 Signhl/background i
uncefrtainty varied M. Bass,

0 | Nulnt 2014
|
|

Run for 10 years 25 years

To distinguish these parameters, they must reduce
systematics. The cross-section model is one of the
largest contributors to the uncertainty.

MINERvVA can reduce the uncertainties! ;




MINERVA detector
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MINERVA detector
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The MINERVA energy range
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The MINERVA energy range

G. Zeller

J.A. Formaggio and G.P. Zeller,
Rev. Mod. Phys. 84, 1307-1341,
2012
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The MINERVA energy range

G. Zeller
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The MINERVA energy range

G. Zeller

J.A. Formaggio and G.P. Zeller,
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The MINERVA energy range

G. Zeller

J.A. Formaggio and G.P. Zeller,
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2012
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(Quasi-elastic events in MINERvVA

Neutrino mode v,+n—p +p
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The first analyses I'll show are on data from the scintillator tracker




(Quasi-elastic scattering (CCQE)

+ There is a single charged muon in the final state, plus the e
recoil nucleon (no mesons or other particles)

* We can reconstruct the neutrino energy and 4- w
momentum transfer, Q?, from just the muon kinematics

+ But this assumes scattering from a stationary nucleon 4 =

+ Cross-section model is well-proven on hydrogen/ _= @
. A%
deuterium C.H. Liewellyn Smith, Phys. Rept. 3C, 261 (1972) 3
it u E 7

Qé}E a5 2EVQE(EM — P, COS 0M> 55 mi neutron \ / recoil proton
Wi — Gy = B = T S = BB

g &
¢ 2 e e D C O U

+ For heavier nuclei, we must model the effects of interactions between nucleons
+ Nuclear effects affect energy reconstruction with the CCQE hypothesis

*+ When nucleons are correlated, extra nucleons may be ejected

C. Patrick, MINERvA Collaboration 8



Nuclear models

Relativistic Fermi Gas (RFQG)

* Popular model is relatively easy to implement, modeling
independent particles in a potential generated by the rest

of the nucleus R. Smith and E. Moniz, Nucl.Phys. B43, 605 (1972); Bodek, S.
Avvakumov, R. Bradford, and H. S. Budd, ].Phys.Conf.Ser. 110, 082004 (2008);

+ Bodek and Ritchie model short-range correlations to give

high-energy tail A. Bodek, and J. L. Ritchie, Phys. Rev. D23, 1070 (1980), A.
Bodek and ]. L. Ritchie, Phys. Rev. D24, 1400 (1981)

+ Local Fermi Gas (LFG) has a position-dependent

momentum distribution AK. S. Kuzmin, V. V., Lyubushkin, and V. A.
Naumov, Eur.Phys.]. C54, 517 (2008)

Meson Exchange Current

models (MEC)

Example meson
exchange current ® \
vy interaction, from a “
- C | moredetailed list (] ‘
Morfin). This
illustrates a
N1 Ny correlation.

C. Patrick, MINERvA Collaboration

R. Subedi et al,
Science 320 1476
(2008)

n(k) (fm®)

Correlations

S. Fantoni, V. R. Pandharipande, Nucl.

Cross sections for meson
exchange current
diagrams, including
correlations, have been

calculated J. Nieves, I. Ruiz
Simo and M. ]. Vicente Vacas,
Phys. Rev. C 83 (2011) 045501

Phys. A 427 (1984) 473 — 492



More nuclear models

Spectral functions (SF)

+ The shell model of the nucleus gives spectral lines, which
can be seen in electron-nucleus scattering experiments

+ For a more accurate model of the nucleus, a contribution for

correlated pairs is added to the spectral function O. Benhar, A.

Fabrocini, S. Fantoni, and I. Sick, Nucl.Phys. A579, 493 (1994)

Transverse Enhancement Model (TEM)

+ Parameterizes correlation effect seen in
electromagnetic electron scattering by modifying

nucleon magnetic form factor A. Bodek, H. Budd, and
W Christy, Eur.Phys.]. C71, 1726 (2011)

oo

axial component?

C. Patrick, MINERvA Collaboration
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(Quasi-elastic results: muon kinematics
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(Quasi-elastic results: muon kinematics

e Compare data to GENIE RFG C. Andreopoulos, et al.,
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+ To make it easier to distinguish:

+ Take ratios to GENIE (the MC we used
for acceptance correction etc)

* Use log scale to see differences at low QQ?

* Look at distribution shapes to reduce
systematic uncertainty, particularly due

to flux

12




(Quasi-elastic results: muon kinematics
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x> per degree of freedom:
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(Quasi-elastics from proton kinematics
; <—m ~ + Instead of using the muon, we can

— e | instead reconstruct Q2 from the
R NUEEE NEEE| kinematics of a stopping proton

- * Protons can undergo final-state
| interactions, so this is particularly
sensitive to FSI modeling

LU S S S B S Su B GEe A EEEEEEE e e UL LSS AL LA, AL S AL AL A AL AL AL S A L A AL A

4420240681024 Fopw 648505 SHBB062G460 0 274767800 “" UL‘() JLJVJU!JJ'I

QéE,p e (Mn _EB) M2 —|—2(M EB)(T —|—M M —|—EB)

Mn p = heutron, proton mass, Tp=proton KE Ep=binding energy

* Hadrons produced in a scattering interaction may re-

interact with other nucleons before they escape the ® O
nucleus: we call these final-state interactions ® G
+ Thus the particles that exit the nucleus may be different, Pl A,
both in type and in energy, from those generated in the e &
initial interaction
n “absorbed by R
the nucleus _@H
Lo - @ ®
Ve // \ o Only proton
— _)'( . . .
L At and muon F %
rgn \\\\?} / // 7 N.];S;me inal-state interactions
C. Patrick, MINERvA Collaboration \ 4 14




(Quasi-elastics from proton kinematics
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Double-differential cross sections
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Double-differential
Cross sections in
measurable variables
will provide extra
information to help
distinguish between
models.

The plots to the left
are for the
antineutrino CCQE
sample.

+ Plots show data and simulation event distributions vs. transverse muon momentum, in
bins of longitudinal muon momentum

+ Uncertainties on reconstruction and interaction model are shown on the simulation

+ Reducing the uncertainty on the interaction model is a key goal of this study
C. Patrick, MINERvA Collaboration

16



Charged-current T production from v

e i e

v, A— p A

A is the initial nucleus

X is a recoil nucleus plus any

other particles that are not pions

GENIE 2.6.2 and NuWro use Rein-Sehgal model for resonant pion production
Athar, M., Chauhan, S., and Singh, S. K., Eur. Phys. |. A43, 209-227 (2010).
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¥ production from antineutrinos
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(.C-inclusive cross sections on nuclel
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Ratio of dx  dx

y?Indf = 25.87/6 = 4.31

-4~ Data
== Simulation

0.2 04 06 08 1.0 12 14

Reconstructed Bjorken x

do®™ , do®¥
Ratio of “dx - dx

y2Indf = 58.46/6 = 9.74

&~ Data
=== Simulation

02 04 06 08 10 12 14
Reconstructed Bjorken x

C. Patrick, MINERvA Collaboration

Compare charged-current inclusive do/dx (all
channels) on different materials with scintillator
(x characterizes type of interaction)

2
M ¢
2M v

Our simulation
* overestimates at low x (shadowing region)
+ underestimates at high x (more elastic)

..with an effect more pronounced for heavier nuclei

There are no current models that explain

these nucleus-dependent behaviors

But it’s vital we understand cross sections on these
materials

MINERvVA’s medium-energy dataset will provide a
large, DIS-rich sample to test this further and look
at individual interaction channels

B. Tice et al, Phys. Rev. Lett. 112, 231801 (2014). 19



Other analyses

L VetA W Tt +A Clear evidence of K* production from atmospheric neutrinos
g | roT— - DATA neutrino scattering 1s a background for proton decay searches.
o — Qe
- I RES W<1. e vA Prelimina * Data
§ y E:;,“;“Z,z; that does not break up § o] e s Keep an eye
. 2.29E20 Data POT MC Background:
3 06 Othr the nucleus, £ o = ase | lopen for a
E ' . > [ ] In'teracting hadron
o4 g g Yo previously only seen "o — i measurement
. in higher-energy 10° of this cross
" 5 10 .
R ——— o experiments. , section,
0 0102030405060.70809 1

Reconstructed Itl = (q-p )* (GeV/c)’

0

50 100 150 200 250 300 350 400 COmlng Soon'
K/= log-likelihood ratio

A Higuera, A Mislevic et al., Phys. Rev. Lett. 113, 261802 (2014)

WY SRty Bl Vet  The analyses we have seen so far used our low-energy data set,

A naanawe but we now have over a year of medium-energy data

150 [ - ; : X
ST + A higher energy range will allow us to probe the DIS region and
2 ~ME | .
£ 100/ ] nucleon structure functions
| ds istics will 1 dy nucl o8 f
8 o ] Increased statistics will let us stu y nuclear target ratios for

' individual interaction types
O "5 10 15 20 -

Neutrino Energy (GeV)

Plus higher statistics overall will dramatically reduce
C. Patrick, MINERvA Collaboration uncertainties on all studies 20



CAPTAIN-MINERvVA

CAPTAIN MINERVA

|

q
o —

1

—

Oscillation experiments (T2K) are already using MINERvVA’s
cross section measurements

But LBNF will have a liquid argon detector, and we don’t have
an argon target... how can we help?

PROPOSAL: insert CAPTAIN detector upstream of
MINERVA!

+ CAPTAIN is a 5-ton liquid argon time-projection chamber
+ Study nuclear effects around the event vertex

* Complements MicroBooNE'’s studies by looking at first
LBNF oscillation maximum

Argoneut

I ™ < - s goid g o o @

"
I A
IIIIIIIIIIIII

— 0 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115

Comparison of similar event displays in LAr TPC (Argoneut) and MINERvA tracker

C. Patrick, MINERvA Collaboration

Displays show muon plus back-to-back protons 21
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C. Patrick, MINERvA Collaboration
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Backup slides
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NUMI beamhne

Protons hit graphite target,

=t Neutrinos!
produce mesons (mostly M B e
; —
pions, some kaons)
- ~, Muon monitors
Figure courtesy Z. Pavlovi¢ Absorber
Decay Pipe MINERVA

Horns

Target /

~210m
of rock

N H
10m 30 m - ~ Hadron 5m Rock - 18m

675m Monitor

Horns focus one Rock
ocks remove
120 GeV charge of meson
muons from

protons and defocus the
— beam

other
S — ———
C. Patrick, MINERvA Collaboration 24
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I amtations of REG model

10~ Charged Current Quasi-elastic Scattering on Carbon

X
= 16 é_ RFG with M, =1.35 GeV
o 14:— ] RFEFG with M 1 03 Ge\
~ 12 _ &}H ,, —
© 40E (T Katori) 3 O T
8 S Ss P, . BN
f 6 E— MiniBooNE with total error
4 = *  NOMAD with total error (arXiv:0812.4543)
2 :— SCiBooNE with preliminary errors
0: “1-4 l ———— > BEA « = ax I Aguilar-Arevalo et al
10.1 1 MINERVA 1 0 E\R.FG (Gev) [MiniBooNE Collaboration],
Energy Range Phys. Rev. D 81, 092005 (2010)

+ This shows best fits of MiniBooNE, SciBooNE and NOMAD cross-sections to the
relativistic Fermi gas model for carbon

* Lower-energy experiments predict Ma=1.35 GeV, NOMAD predicts Ma=1.03 GeV
when fitting to the same model

*  We could be seeing additional nuclear effects beyond the RFG model

25



Sources of systematic uncertainty

o
N

XX

MINERVA ® ¥V Tracker — CCQE

0.35

0.3
0.25

Fractional Uncertainty

IIllllllllllllllllllllllll

Total
------- Statistical
Flux

e Recoil Reconstruction
Muon Reconstruction

Hadron Interaction
e Primary Interaction

Other

3 Td 76 T8 2°
2
Q2. (GeV?)

| SEFEETET I T A B
02 04 06 0.8 1

This indicates systematics evaluated for the CCQE"

antineutrino analysis

Ditferent effects are important for different

analyses (for example some are especially
sensitive to FSI)

C. Patrick, MINERvA Collaboration

Recoil

+ extra track/blob cuts

* neutron response model
Muon reconstruction

oo

energy scale (MINOS range and
curvature, MINERvVA dE/dx)

tracking reconstruction
overlapping MINOS tracks
vertex resolution

Hadron interaction

* final state interaction model
Primary interaction

* quasi-elastic interaction model
* resonant background model

+ nuclear model
Flux



[ ast of GENIE model uncertainties

Uncertainty GENIE Knob name 1o

Mg (Elastic Scattering) MaNCEL 1 25%

Eta (Elastic scattering) EtaNCEL + 30%

Ma (CCQE Scattering) MaCCQE £I5G

15%

CCQF Normalization NormCCQE 20%
-15%

Ma (CCQE Scattering, shape only) MaCCQLshape + 10%

CCQF Vector Form factor model VecFFCCQEshape

CC Resonance Normalization NormCCRES + 20%

Ma (Hesonance Produclion) MaRES + 20%

My (Resonance Production) MvRES 1 10%

1pi production from vp /Va non- Rvp1pi + 50%

resonant interactions

1ol production from va /v p non- Rvn1pi + 50%

resonant inleraclions

2pi production from vp /Va non- Rvp2pi + 50%

resonant interactions

2pl production from va /Vp non- Rvn2pi + 50%

resonant interactions

DIS CC Normalization NormDISCC ?7?

Modtiy Pauli blocking (CCQE) at low Q | CCQFPauliSupViakr + 30%

C. Patrick, MINERvA Collaboration

Uncertainty GENIE Knob name 1o
CCQE Normalization (maintaining enerqy NormCCQEenu
dependence)
NC Resonance Normalization NormNCRLS + 0%
M, —shape only (CC Resonance Production) MaCCRESshape + 10%
My shape only (CC Resonance Production) MvCCIE Sshape + 56
Ma — shape only (NC Resonance Produclion) MaNCRFSshape + 10%
My — shape only (NC Resonance Production) MvNCRESshape + 5%
Bodek-Yang parameler Ay, ANtBY + 25%
Bodck-Yang parameter Bir BhiBy 1 25%
Bodek-Yang parameler Cyq, CV1uBY + 30%
Bodek-Yang parameter Cyay CvauBY + 40%
Bodek-Yang parameler Ay, — shape only AnhtBYshapc + 254
Bodek-Yang parameter By, — shape only BhiBYshape 1 25%
Bodek-Yang parameler Cy,, — shape only CV1uBYshape + 30%
Bodek-Yang parameter Cyz, — shape only CV2uBYshape + 40%
Nu/Nubar CC cross seclion ralion RnubamuCC ?7
Coherent model Mg MaCOHpi + 40%
Coherent madel R, ROCOHpiI + 10%
Nuclcar modifications to DIS DISNuciMod On/off
Ferml gas -> spectral function CCQLMomDislrol GloSl On/off
2%




GENIE model uncertaimties

CcOnt.

Uncertainty GENIE Knob 1a
name

Pion mean free path MFP pi + 20%
Nucleon mean free path MFP_N + 20%
Pion fates — absorption FrAbs_pi + 30%
Pion fates — charge FHCEX_pi 1 S0%
cxchange

Pion fates — Flastic FrElas_pi + 10%
Pion lales — Inelastc Frinel_pi + 40%
Pion fates — pion FriiProd_pi + 20%
production

Nucleon fates — charge FrCEx_N + 0%
exchange

Nucleon fates — Elastic FrElas N +30%
Nudicon lales  Inclastic Frinal_N + 40%
Nuclean fates — absarption FMAbs_N + 20%
Nudieon lales - pion FrPiProd N I 20%:
production

AGKY hadronization mocel AGKYxF1p I 20%

xg distribution

Delta decay angular Theta_Delta2Npi On/off
dizlnbubon

Resonance decay RDacRR1gamma + S0%

branching rabio lo pholon

- branching ratio to eta

Uncertainty GENIE Knob 10
name
- AGKY hadronization model AGKYpT1pi + 3%
- — pion py distribution
Formation Zone FormZone + 50%
Resonance decay RDecBR1eta + 50%

28



Vertex energy - extra protons

+ If a neutrino interacts with a correlated pair

&

Events / MeV

the nucleon’s,partner may also be ejected

Recall that we neglected an area around
the vertex when counting recoil energy

We now compare the non-track energy
deposited within that region to our Monte
Carlo, to look for evidence of additional
nucleons

MINERVA < v Tracker — CCQE
r=0-300mm

----- MC Nominal
— MC Best Fit

n

o

o
T

¢ Data

100

200 300
Vertex Energy (MeV)

0 100 400

C. Patrick, MINERvA Collaboration

|||||

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

L -
90 -+ - . . "‘--—.--.—...
- e &

" "Vertex Energy 5 5
e s

Recoil Energy
: Region

TRACKER

A harder neutrino-mode energy spectrum
is seen in data than Monte Carlo

We simulated extra protons (<225 MeV) to
see how this would change the Monte
Carlo distribution

Modeling an additional proton 25+9% of
the time gave the best fit to the data

Final state protons suggests initial state
proton-neutron correlations

This would explain why no such effect
was seen for antineutrino mode; we
would expect low-energy neutrons, to
which we have low sensitivity

29



Acceptance: CCQE from protons

v, Tracker — " p

X

~

S
()

10 MINERVA Preliminary

POT Normalized
3.04e+20 Data POT

Side HCAL
Matched Energy

Events / 5.0 degrees
Co
I I I I I | I I I | I

- MINOS Matched Tracks

MINOS Matched Energy

Unmatched
Exiting Tracks

Only blue part is

included in muon-
Muon Reconstructed 0 ( degrees )

kinematics study

C. Patrick, MINERvA Collaboration
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MINERvVA Nuclear targets

250 kg 500kg
Liquid He Water

Active Scintillator Modules

1” Fe/1” Pb T R R SR R e o T e ey 5" Fe/l.5” Pb
323kg / 264kg 3" C /1" Fe /1" Pb 161kgl 135kg

1" Pb 11" Fe 166kql169kgl121kg 0.3" Pb
266kg / 323kg | 228kg

C. Patrick, MINERvA Collaboration



Our Monte Carlo: GENIE 2.6.2

Interaction

CCQE: axial form-factor Dipole with axial mass 0.99 GeV
models

CCQE:Vector form-factors BBBAO05

CCQE: Pseudoscalar form- | 5~ ~ / Goldberger-Treiman

factors

Resonance and coherent Rein-Seghal

DIS GRV94 / GRV98 with Bodek-Yang

DIS and QEL charm Kovalenko, Sov.].Nucl.Phys.52:934 (1990)

RFG, Fermi momentum=225MeV, Pauli blocking,
Bodek-Ritchie tail

INTRANUKE-hA

(S. Dytman, AIP Conf Proc, 896, pp. 178-184 (2007))
AGKY - transitions between KNO-based and JETSET
T. Yang, AIP Conf. Proc.967:269-275 (2007)

Nuclear effects |Nuclear model

FSI modeling

Hadronization model

Formation zone SKAT

C. Andreopoulos, et al., NIM 288A, 614, 87 (2010)
C. Patrick, MINERvA Collaboration 32



CCQE v for fits to antineutrino data

Ma (GeV) 0.99 0.99 135 0.99

Rate y2/d.o.f 2.64 1.06 2.9 2.14
).

Shape y*/ 2.9 0.66 1.73 2.99

d.o.f

33



CCQE ¥ for fits to neutrino data

Ma (GeV) 0.99 0.99 135 0.99

Rate y2/d.o.f 85 2.4 G 2.8
).

Shape y*/ 4.1 1.7 2.1 3.8

d.o.f

34



Rate model comparisons (V)

MINERVA Preliminary ® ¥ Tracker — CCQE

24F
2.2 E_ e data NuWro RFG M, =1.35
2 3 GENIE RFG M,=0.99  -.oocooe NuWro RFG M,=0.99 + TEM
%" 1.8 - NuWro RFG M,=0.99 NuWro SF M,=0.99
L 3
O 14
o) -
. -
o =
— -
© =
o -
TE 1.5<E, <10 GeV
04
0.2- ez al i A i b 2 2.1
107 10 1
2 2
Q; (GeV?)

GENIE RFG Ma=0.99
NuWro RFG Ma=0.99
NuWro RFG Ma=1.35
NuWro REG Ma=0.99+TEM
NuWro SF Mx=0.99

NuWro LEG Ma=0.99

NuWro LEG+RPA Ma=0.99

NuWro LEG+TEM Ma=0.99
NuWro LEG+RPA+Nieves Ma=0.99

Ratio to GENIE

+ A preliminary reprocessing shown

at Nulnt 2014

MINERVA Preliminary ® V Tracker — CCQE

2.4
2.2

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4

TV ey T ey e ey ey vy errpraryraeyend
[T A R R

e data NuWro LFG+RPA M, =0.99
GENIE RFG M,=0.99  --ocoo NuWro LFG+TEM M, =0.99
NuWro LFG M,=0.99 ... LFG+RPA+Nieves M,=0.99

1.5<E, <10 GeV

1 20'1 , 1
Q¢ (GeVY)
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Antineutrino: shape-only ratio (RFF ()

MINERVA Preliminary ® V Tracker — CCQE

1.8
N Preliminary
16 e data NuWro RFG M,=1.35
. |  ——— GENIERFG M,=0.99 .- NuWro RFG M,=0.99 + TEM
% 14 | NuWro RFG M, =0.99 NuWro SF M, =0.99
wl B
0 -
1.2
o -
- N [
O _
it - / -+
s i 3 E= |
0.8 _—i """"""""
Z 1.5<E, <10 GeV
0.6 N Area Normalized
. L 1 1 oo aa U
10° 10°" 1
2 2
Q. (GeV?)

+ A preliminary reprocessing shown at Nulnt 2014



Antineutrino: shape-only ratio (LFG)

MINERVA Preliminary ® V Tracker — CCQE

1.8
N Preliminary
1 6 e ® data NuWro LFG+RPA M, =0.99
. | ——— GENIE RFG M,=099 = --eeeeee NuWro LFG+TEM M, =0.99
% 14 | NuWro LFG M,=0.99 ..o LFG+RPA+Nieves M,=0.99
L B
O 12F
) .
- - e
O e
= I
§ — e —-C.
0.8
B 1.5<E, <10 GeV
0.6 . Area Normalized
L ! PR T . ! ] T S B T R J
107 10™ 1

Q2. (GeV?)

+ A preliminary reprocessing shown at Nulnt 2014



> for fits to antineutrino data

+ A preliminary reprocessing shown at Nulnt 2014

Preliminary

Rate y?/d.o.f Shape y?/d.o.f
Model (8 degrees of (7 degrees of
freedom) freedom)
— | GENIE RFG Ma=0.99 2 2.44
NuWro RFG Mx=0.99 11 187
NuWro RFG Ma=1.35 1.98 1527
NuWro RFG Ma=0.99 + TEM 0.667 0.447
NuWro SF Ma=0.99 1.89 2.61
NuWro LFG Ma=0.99 3.61 3.97
NuWro LFG + RPA Ma=0.99 0.771 0.953
NuWro LFG + TEM Ma=0.99 1.54 1.09
NuWro LEG + RPA + Nieves Ma=0.99 | 7.06 4.63




Rate model comparisons (v

MINERVA Preliminary ® v Tracker = CCQE

24
2.2 E— o data e NuWro RFG M, =1.35
2 GENIE RFG M,=0.99  .-oon. NuWro RFG M,=0.99 + TEM
w 18 3 NuWro RFG M, =0.99 NuWro SF M, =0.99
Z F
w 1.6;
< 12F
o i T“
= 1 T
L) -
& 0.8 \f‘i_
0.6
= 1.5<E, <10 GeV
04
0.2'- raal " " a2 a1
1072 120'1 , 1
Q,; (GeV’)
= GENIE RFG Ma=0.99
— NuWro RFEG Mx=0.99
—— N uWro RFG Ma=1.35

NuWro RFG Ma=0.99+TEM
NuWro SF Ma=0.99

NuWro LEG Ma=0.99

NuWro LEG+RPA Ma=0.99

NuWro LEG+TEM Ma=0.99
NuWro LEG+RPA+Nieves Ma=0.99

+ A preliminary reprocessing shown at

Nulnt 2014

Preliminary
24 MINERVA Preliminary ® v Tracker = CCQE
2.2 E o dam ——— NuWro LFG+RPA M,=0.99
2 =3 GENIE RFG M,=0.99 ... NuWro LFG+TEM M, =0.99
g 1.8 - NuWro LFG M, =099 ... LFG+RPA+Nieves M, =0.99
& 16
w -OF
cg 1.4 J—
< 121 S I
2 LEI %
L -
s
0.6F 1.5<E, <10 GeV
0.4
0'2"' 2 2 PR R T ST A | " " PR T T T |
o o
Q¢ (GeVY)
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Neutrimo: shape-only ratio (RFG)

MINERVA Preliminary ® v Tracker - CCQE

1.8

N Preliminary
16 | e data NuWro RFG M,=1.35
. | ——— GENIERFG M,=0.99 ----ee NuWro RFG M,=0.99 + TEM
% 14 . NuWro RFG M,=0.99 NuWro SF M,=0.99
wl B
0 l—
1.2
o |—
“ —
o B
5
e
o e I
0.8 oo
Z 1.5<E, <10 GeV
0.6 n Area Normalized
L 1 1 1 1 . L 1 1 1 g U
10 10 1
2 2
Q. (GeV?)

A preliminary reprocessing shown at Nulnt 2014
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Neutrino: shape-only ratio (LLFFG)

MINERVA Preliminary ® v Tracker — CCQE

1.8
N Preliminary
16 ¢ data NuWro LFG+RPA M,=0.99
. |  ——— GENIERFGM,=0.99 ..o NuWro LFG+TEM M, =0.99
% 14 . NuWro LFG M,=0.99 ... LFG+RPA+Nieves M,=0.99
(ug :
1.2~
e ~ ..
“ B “*s o ™ ..
o — . ..“ J—
: 1 B “.‘ T
0.8~ \{
: 1.5<E, <10 GeV
0.6 g Area Normalized
| N ) PR T S T A |
107 107 1
2 2
Q. (GeV?)

+ A preliminary reprocessing shown at Nulnt 2014



- for fits to neutrino data

Preliminary

+ A preliminary reprocessing shown at Nulnt 2014

Rate y?/d.o.f Shape y?/d.o.f
Model (8 degrees of (7 degrees of
freedom) freedom)

GENIE RFG Ma=0.99 1.86 2.06
NuWro RFG Ms=0.99 1.47 1.66
NuWro RFG Ma=1.35 3.38 1F2
NuWro RFG Ma=0.99 + TEM 2.92 2.26
NuWro SF Ma=0.99 2.64 3.43
NuWro LFG Ma=0.99 4.77 O
NuWro LEG + RPA M=0.99 1.73 1.83
NuWro LEG + TEM Ma=0.99 900 27D
NuWro LEG + RPA + Nieves Ma=0.99 5.49 4.1




v> for ¥ and v rates, combined

Preliminary

+ A preliminary reprocessing shown at Nulnt 2014

oLl Combined rate y2/d.o.f

(16 degrees of freedom)
GENIE RFG Ma=0.99 2.04
NuWro RFG Ma=0.99 1.53
NuWro RFG Ma=1.35 3.14
NuWro RFG Ma=0.99 + TEM 1.92
NuWro SF Ma=0.99 200
NuWro LFG Ma=0.99 3.88
NuWro LFG + RPA Ma=0.99 1.93
NuWro LEG + TEM Ma=0.99 %59
NuWro LFG + RPA + Nieves Ma=0.99 SETA)
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Coherent pion production: |

+ Early experiments at high energies see clear
evidence of coherent pion production o
(scattering without breaking up the nucleus) s~ 30

500

400

S 200

—

©
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® CHARM i (this expenment)
% Aachen - Padua [1] 4+ Gargamelle [2]

il dt

-

2

o
|

Entries / 0.025 (GeV/c)?
o
o

50

SciBooNE

0.1

0.2

0 20 40 60 80 100 120 140
Ey [GeV]

Q\

S =
L] > B

DATA [ 120 ® Data KZK

% CC coherent nt (5
= CC resonant Yol CC coherent &
M orver < 80 Bl CC i, DIS,NC
Bl cca:e g CC QE

=~ 40 [ ]

o

E O a2 L

W 0O 02 04 06 08 1 1.2
0.3 0.4 0.5 qfec (GeV/ C)2

Q? (GeV/c)?
* Lower energy experiments saw results consistent
with NEUT’s background predictions
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(Coherent pion production: 11

Vi+tA—=>uw+a +A

O
»

3
x10

% ~ MINERVA Preliminary —+— DATA

S b Causrer Sl COH

8 1 — QE

S -

= . RESW<14
d g I 1.4<W<2.0
o . W>20

~ Other

7))

—

c

Q

>

L

0.4

All Background Tuned

% 0.10.20.3 040506070809 1

Reconstructed Itl = (g-p )* (GeV/c)’
A Higuera, A Mislevic et al., Phys. Rev. Lett. 113, 261802 (2014)

C. Patrick, MINERvA Collaboration

+ MINERVA sees clear

evidence of coherent
scattering in the few-GeV
energy region

Our ability to measure the
quality [t| enables us to
identify coherent candidates
in a model-independent
way

The slope of the |t
distribution is related to the
size of the target, so it is
easy to distinguish
scattering off a nucleus from
a nucleon
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