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Neutrino Oscillation Measurements

Ambitious plans for new oscillation experiments: expect 1000’s of events

Because of “large” mixing angles, will be looking for small differences in
oscillation probabilities between neutrino and antineutrino mode

Neutrino Energy is a big part of extracting oscillation parameters

How a neutrino’s energy shows up in a detector is an important effect
both for Water-Cherenkov and “fully active” detectors:
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Neutrino mode: Appearance
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vV

x-sections

MINERVA measures v — N interactions in the transition region
from exclusive states to DIS
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Don't Forget the Nucleus!

The nucleus is a complicated object ...

First you have to get the nucleons inside the nucleus right
Fermi motion

short range correlations and

medium range correlations
scatters off a pair of correlated
nucleons — 2p2h effect «

8—-0&

Charge Exchange @
£ Elastic
Scattering
long range correlations — RPA effect e

Then you have to get right how created particles
work their way out throug the nucleus :
final state interactions wa sl I ) Abserpiion

big source of uncertainties in neutrino interactions P1on Production
Minerva tries to provide information on all these effects A=A



MINERvVA's “Input”

existing data (~1 — 20 GeV) still not fully understood
— low statistics samples
— large uncertainties on neutrino flux

oscillation analyses need detailed understanding of v, , vo v, , V. X-sections
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« Broad Range of Neutrino Energies 150? Ml BeamiMC FLUKR.
— this gives a broad range of interaction channels » | —IE ]
S
— able to measure v, and v, = —ME
S 100 - =
« Capable detector E
. () _
— fully active S 50|
— low thresholds, good particle identification
o : , 0 .
« High intensity Neutrino Beam . I

— provides high statistics, but...
— need good flux constraints too

Broad Range of Target Nuclei
— to constrain both the nucleon-level processes and the role of the nucleus




MINERvVA Detector

120 plastic fine-grained scintillator modules stacked along the beam direction
for tracking and calorimetry (~32k readout channels with MAPMTS)
MINOS Near Detector serves as muon spectrometer (limited acceptance)

MINERVA, NIM A743 (2014) 130

Elevation View
A
Side HCAL _,.!.l—-—'*'
__.-"'
Side ECAL _,.--f"'"*#
T
o | .
- ") v-Beam { Sg
3 o l-l- 'E"' - —_ s Q
: < o | 25| 23 |l |85
Y Ji| Y
a ': JQ Active Tracker Region E E cE < E =
e - [ .
a iqui =4k 8.3 tons total L) v Zwn
Liquid Z 0 k: a2
Helium e 8 s
4 15 tons| 30 tons Z 3
/ Side ECAL 0.6Yons S
/ Side HCAL 116 t%
A 4
< 5 m \\ >
-
2 m>» @/::}Z

nuclear targets: He, C, H,0, Fe, Pb fully active scintillator tracker b
in the same neutrino beam (x/v and x/u modules) § j6



MINERvA Event Display
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Absorber

The NUMI Beam

Decay Pipe
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E 0.08f —— Nova (no osc.)
By changing beamline configuration S 006 — Minerva
one can modify the v spectrum: o
LE (peak ~3 GeV) —» ME (peak ~6 GeV) < 0% MINERVA (LE)
LE data taking completed in 2012 (v and v) o

since 2013 running in ME mode, 0.00,
now in v mode

MINERVA can see processes relevant for v oscillation experiments
from T2K to ICECUBE




Low Energy v Flux and Uncertainties

Extensive revision of the NuMI beamline simulation
Elux determination Aliaga et al., PRD94 (2016) 092005
external hadron production data
v — e elastic scattering

low—v extrapolation hadro-production uncertainties
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Flux from v-e Elastic Scattering ™
0

Signal is a single electron moving in beam direction A
Purely electro-weak process ¢ €
x-section is smaller than nucleus scattering MINERVA Data

by ~2000

123 +17(stat) £9(syst) events g

Independent in situ flux constraint % BT o lihin

Important proof of principle
for future experiments

Module Number

. o Park et al., PRD 93 (2016) 112007
Statistically limited in the

MINERVA LE sample (~8% error) In situ ve elastic scattering

Results are consistent with new flux calculations Bﬂé— POT-Normalized + Data
. - E ?G;— 3.430+20 PO !Eﬁgg ve 1064
Results are consistent with the E oof - e 1‘”
a priori flux (~2%) and with the low v flux g soE —
S 4o i :
E :E_ : v,CC 9.9
3 independent methods yield consistent results  “£ & s
Further confidence in flux! % 10 20 30 40 s s

60
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Low-v Method

Charged-current scattering with Devan et al., PRD94 (2016) 112007
low hadronic recoil energy v —

100 T T
(sub-set of all events) 5 Ham 15 p Hdaa
. . 80 — simulation — simulation A
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Integrals overs structure functions
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Gives a measurement of the
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flux shape 2: i
tRHC - v TFHC -V :
Flux is normalized so that the %0 Z 4 5 810 20 30 40 80 %0 Z 4 5 810 20 30 450
. . . neutrino energy (GeV) neutrine energy (GeV)
extracted inclusive cross section low v-flux compared to flux simulations

matches an external measurement
at high neutrino energy




v and v CC Interaction x-sections

Ren et al., PRD95 (2017) 072099
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reference curve shows the prediction of GENIE 2.8.4

GENIE and NuWro generators slightly overestimate
the measured CC cross sections at low E,




Nuclear Targets

Active Scintillator Modules
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DIS Cross Section Ratios — do / dxg;

do®/dx T Mousseau et al., PRD93 (2016) 071101
5 9 DIS selections
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CCQE-like on Nuclear Targets

see also C. Patrick’s talk on Friday

Study nuclear effects (A-dependence) mainly from FSI " v.Fe = u'p
. L MINERvA Preliminary [ reen
Event selections: g —— -
Iﬂ: other
At least two tracks I: "
* Reconstructed vertex is in the “nuclear” target as .
4
* One muon ISP
2 e :\*-L"\_‘___LHM
« Select events with a proton candidate, p > 450 MeV/c | ‘F.;‘Lq“;

* NoO piOﬂS Proton Range pID Score

« Dominant background from resonance production (30%) an DIS (10%)
(tune the background while keeping the signal constant)
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CCQE Event Coplanarity on C, Fe, Pb

View along
Neutrino Beam

Nu-Muon Plane ‘&(

Coplanarity .
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CCQE Cross Sections on C, Fe, Pb

Just because a model gets carbon right
does not imply that it gets higher A right

Need to get nuclear effects of primary int.
AND final state Interactions correct

Lead data prefers A dependence in
NuWro model
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A New Way to Study CCQE Interactions

Look at inclusive scattering in 2 kinematic dimensions
Separate Q? into energy transfer g, and 3-momentum transfer g,
(do not cut on the recoll but look at the low recoil in an inclusive sample)

bands in the g, — q; plot show different scattering channels
(do / dQ? integrates across the “bands” hiding the details)
—~ 1.2

- do/dq dq, (107 cm¥GeV?)

—3 GeV neutrino + carbon

- GENIE 2.8.4 with reduced n
—lines W = 938, 1232, 1535 MeV
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models of scattering off two nucleons
tend to increase the cross-section in this area




v, CCQE Data in the (q, — q3) Plane

Rodrigues et al., PRL116 (2016) 071802 Gran, NuINT17
- Neutring, 3 33e20 LE-beam POT - — % 2000_ : Antl Neutrlno 1 02920 LE beam PO‘L ::I:Equ;:;Per:;Il:l:]ag
3 neutrlno ”_;;fhﬁf <02 o =%, anti- neutrino B uc Tt
§ 3000y — MC QE + RPA S [ — MC QE + RPA
IB-. —— MC Delta E;- 1500 — MC Delta
w —— 2p2h Valencia o — 2p2h Valencia
T 2000} + Data S |, ¢ Data
[=4] - 4 -

w w 1000
— | \—‘ . _
1000} A 500:_
} ‘ =
o " o -
= 1.5 = 15
s s
3 1.0f . . 8 1.0p .
- . [ ] +
ﬂ.5 & 0-5_
0.0 0.2

0.0 0.1 0.2

. 0.4 0.3
Reconstructed available energy (GeV) Reconstructed available energy (GeV)

Fovail = Z p and 7% K.E. + total energy of all other particles except n

Adding in RPA (a charge screening nuclear effect) and 2p2h (correlations)
processes improves agreement in some regions

The 2p2h contribution in the Valencia model is not qwte enough




The Low Energy Recoil Fit

Weighting up the 2p2h events with a 2D Gaussian weight in true (q,, ds)
This tune designed to empirically “fill in” the dip region not whole kinematic range
(does not scale true QE or resonant production)

Adds ~50% overall, but x2 in dip reaion
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= modified simulation which represents inclusive data quite well
but does this new model have any predictive power?




Back to Exclusives — CCQE-like v

Isolate only CCQE-like events:
cut on extra energy outside the vertex, subtract backgrounds, extract x-sections

dzc/dedp” (x10* cm?/GeV?%c%C'?)
HaN

(=]

The reweight from the inclusive neutrino fit gives improved agreement
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with the neutrino QE-like result

D. Ruterbories, FNAL Seminar, 3/2017

publication in progress




Back to Exclusives — CCQE-like v

Isolate only CCQE-like events:
cut on extra energy outside the vertex, subtract backgrounds, extract x-sections

c
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The reweight from the inclusive neutrino fit gives improved agreement
with the anti-neutrino QE-like result
Extra strength coming at the right place in muon angle and momentum




Events / 0.03 GeV?

Outlook

MINERVA provides measurements for a variety of neutrino induced processes
over a broad energy range relevant to different v oscillation experiments.
Today we saw only some results.
New first time measurements also on n#, n%, and K production.

see E. Valencia’s talk from Monday
MINERVA data helps improve model descriptions.
Current models do not fully describe MINERVA data yet.
Able to differentiate between nuclear models — they favor a 2p2h component

Data taking with a “Medium Energy” v beam started in fall 2013,
switched to anti-neutrino mode this year.

Increased kinematic coverage, LE data able to reach Q% ~ 2 GeV?
CC Opi 1-track
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The MINERvVA Collaboration
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do/dQ? _ (cm*/GeV¥/6 neutrons)
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