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MINERVA Overview

« Scintillator-based detector in on-
axis NuMI beam at Fermilab

« @Goals Include

— Inclusive and exclusive
measurements of signal and
background reactions relevant to
oscillation experiments (current
and future)

— Study of nuclear effects via
measurements on many nuclei
in the same beam

— Nuclear structure functions
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MINERVA Detector

Solid Scintillator (CH) Tracker
« Tracking, particle ID, calorimetric energy measurements

* Low visible energy thresholds
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Nuclear Targets

* Allows side by side comparisons
between different nuclei

e PureC, Fe, Pb, LHe, water

Side and Downstream Electromagnetic and
Hadronic Calorimeters

*  Allow for event energy containment
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MINERVA Datasets

* Low energy dataset complete

— Data in both neutrino- and ot eutrino Flux
A

antineutrino-enhanced beams 5 ST AR
. 28 B —— Medium Energy
— Used to study both signal and S o014fF .
background reactions relevantto £ o1ob — LowEnergy
oscillation experiments § i
— And to measure nuclear effects 2 o.10f E
in inclusive and exclusive 3 ooat ]
reactions z MINERVA PreIiminaryE
— Unique overlap with DUNE flux 0.06¢ ’
* Medium energy data-taking 0.04f ]
ongollng o | 0.0 ]
— Higher statistics yields vodl s _
Improve comparisons across 0 2 4 6 8 12 12 G|14V
nuclei neray (Ge¥)
— Access to expanded kinematics
and nuclear structure functions
3£ Fermilab
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MINERVA Events

One out of three views shown, color = energy
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MINERVA Publications (as of August 2017)

Twenty MINERVA Physics Papers so far:

. “Direct Measurement of Nuclear Dependence of Charged Current Quasielastic-like Neutrino Interactions using MINERVA” accepted by Phys. Rev. L

. "Measurement of neutral-current K+ production by neutrinos using MINERVA”, Phys. Rev. Lett. 199, 0011802 (2017)

. “Measurement of the antineutrino to neutrino charged-current interaction cross section ratio on carbon” Phys. Rev. D 95, 072009 (2017)

. "Measurements of the Inclusive Neutrino and Antineutrino Charged Current Cross Sections in MINERVA Using the Low-v Flux Method”, Phys. Rev.
D 94, 112007 (2016)

. “Neutrino Flux Predictions for the NuMI Beam”, Phys. Rev. D 94, 092005 (2016)

. “First evidence of coherent K+ meson production in neutrino-nucleus scattering”, Phys. Rev. Lett. 117, 061802 (2016)

. “Measurement of K+ production in charged-current v interactions”, Phys. Rev. D 94 012002 (2016)

. ‘(‘)Csrzoososss(ez%%og)s for neutrino and antineutrino induced pion production on hydrocarbon in the few GeV region using MINERVA”, Phys. Rev. D 94,

. "Evidence for diffractive neutral pion production from hydrogen in Neutrino Interactions on hydrocarbon”, Phys. Rev. Lett. 117, 111801 (2016)

. “Measurement of Neutrino Flux using Neutrino-Electron Elastic Scattering”, Phys. Rev. D 93, 112007 (2016)

. “Measurement of Partonic Nuclear Effects in Deep-Inelastic Neutrino Scattering using MINERVA”, Phys. Rev. D 93, 071101 (2016).

. “Identification of nuclear effects in neutrino-carbon interactions at low three-momentum transfer”, Phys. Rev. Lett. 116, 071802 (2016).

. “Measurement of electron neutrino quasielastic and quasielastic-like scattering on hydrocarbon at average Ev of 3.6 GeV”, Phys.Rev. Lett. 116,

081802 (2016).
. “Single neutral pion production by charged-current anti-vp interactions on hydrocarbon at average Ev of 3.6 GeV”, Phys.Lett. B749 130-136 (2015).

. “Measurement of muon plus proton final states in vy Interactions on Hydrocarbon at average Ev of 4.2 GeV” Phys. Rev. D91, 071301 (2015).

. ‘(‘Meas)urement of Coherent Production of e+ in Neutrino and Anti-Neutrino Beams on Carbon from v of 1.5 to 20 GeV”, Phys. Rev.Lett. 113, 261802
2014).

. “Charged Pion Production in v, Interactions on Hydrocarbon at average Ev of 4.0 GeV”, Phys.Rev. D92, 092008 (2015).

. ‘(‘Meas)urement of ratios of v, charged-current cross sections on C, Fe, and Pb to CH at neutrino energies 2-20 GeV”, Phys. Rev. Lett. 112, 231801
2014).

. “Measurement of Muon Neutrino Quasi-Elastic Scattering on a Hydrocarbon Target at Ev ~3.5 GeV”, Phys. Rev. Lett. 111, 022502 (2013).

. “Measurement of Muon Antineutrino Quasi-Elastic Scattering on a Hydrocarbon Target at Ev ~3.5 GeV”, Phys. Rev. Lett. 111, 022501 (2013).

The following slides are 1-slide overviews of each of these
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7 8/22/17 MINERVA Collaboration | MINERVA in a Nutshell



Summary of MINERVA'’s 21 publications

V W,€
NuMI Flux /Using Leptpn variak?les on.ly:
v, and anti-v, quasi-elastic

Determination

(a priori, and from v, CCQE
e scattering) W’Z
e,u,d,p,n, Inclusive “low recoil”
C,Fe,Pb = production by v,

n° production by anti-v,,
Ratios comparing Pb,Fe,C to CH: K* production by v (NC,CC)
Total CC cross sections Coherent . K& pr%duction
Deep Inelastic Scattering Inclusive anti-v /v, ratios
CCQE W
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Neutral Current K+ Production

 Neutral current interactions such as :

x10™%° v Tracker —» vK*X
— vp—=VK+A _ 0.45F 351850 poOT t Data
—vhn—ovK+2- E 0.40 F — GENIE 2.8.4
are backgrounds to Kaon decay searches 5 szz 2 NEUT 5,36
. . L 0.30F
- Particularly problematic in Cherenkov S o5k
detectors, where NC K+ event with no &£ oo0F - 1
- . E . -
particles above Cherenkov threshold will S osb b L T
fake the signal process N
. . - 'VE
« Mismodeled rates for Kaon + nothing S oosf
would also be a problem in liquid Argon 000 e
detectors 100 202 | 3c.>o 400 500 600
, Time separation K™ kinetic energy (MeV)
DATA M -39 v Tracker — v K*
R e '20 2  betweenKand 0.10 210 S Track K'X
2  decay products [ 3.51E20 POT { Data
nu beam ] K! =S ; identifies signal s 0.08 — GENIE 2.8.4
> ..,2:3:‘:‘*“ EEE T (5 .....
=2 K . . £ NEUT 5.3.6
L & N dorelheolorieslnla 10 ;'» Kinematic % 0.06
I $ distributions 2
5 T appear well £ 004F
ERNET emannkl modeled in R +
T ~ DATA 0 GENIE, level in A |
| background NEUT too low RN R i
“““““ L condidate | o5 o 1 2 3 4
Module Number Phys. Rev. Lett 199, 011802 (2017) Visible energy (GeV)
& Fermilab
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Charged Current Quasi-Elastic on Nuclear Targets

- First CCQE measurements in solid nuclear targets arXiv:1705:03791
(Carbon, Iron and Lead), aimed at studying Q2 _oren_
dependence of nuclear effects i T GENENGREY

« Q?obtained using the kinematics of the protons and 2o ?w
very sensitive to final state interactions R

TP I i l
0.5
Q2 = (M,)2 - M}? + 2M’(TP + MP - M,) G(; 02 04 olgz(Gtgez) T 12 14
::)Z: I 7 Il E [ 2.5—_ 3.06e+20 Data POT _:e/g:ta 5
o Bl W i - Signal (CCQE-like): 3 - GENIE No FSi
NURRYRNINLIN (NN (NP Events with one muon, & | i = Niwro No 51"
. % 1.5~
" | » no pions and at leastone § | =5 e
o 1 proton with momentum> § t T T -
- i 450 MeV/c °'5E
10 v % 02 04 08, 08, 1 12 14
, Q%(GeV?)
6-4-20 2 4 6 8101214 1618202224 26 283032 34 36 3R 40 42 44 46 48 50 52 54 56 58 B0 62 B4 BB BR 70 7274 76 71 PB/CH
16210 V;ﬂ ;a::P 2O soscovuror 2 DR i Es
T qaf M®PrOT T GENIE with FSI Ratio measurements tell us about nuclear effects 5 2 Z-2- RGWro with FsI
k-] - == GENIE No FSI . . . 3 — — NuWro No FSI
g2 ~--- NuWro with FS| such as final state interactions. % 1s
S o The event generators GENIE and NuWro have ©os
g o similar primary interaction models, but different FSI L
R models as a function of A. MINERVA data prefers ©TezT0dT0g B8, T 2 14

02 04 06 08 1 12 14 the NuWro model.
Q3(GeV?)
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Inclusive Charged Current Cross Section Ratio 0 / o”

Neutrinos/m’/GeV/10°POT

11

C RHC Antineutrino — g; ; = 0.Z2r
80r niineutrine ¢[S)':::Ia“°n % RHC Antineutrino
g 1 — Low-v 2017
6ol Q 0.151 — MC Simulation
C )
F ©
40 c 0.1
F e
r k3]
20} S o.05F
0 [ 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22 07 B RV R

New precise o, / o ratio relevant to d.p
measurement

Py, —ve) — P(V, — )

P(Vu — Ve) + P(Uu — Ue)

Acp =

New method factorizes out model
dependence and provides measured
model independent rates
Improved Low-v flux
— New method linking high energy low-v rates
(v vs V)

Antineutrino cross section result is the
most precise to date below 6 GeV (errors
dominated by statistical precision)

Neutrino Energy (GeV)
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Neutrino energy (GeV)

o'lo”

o/E (10%%cm2/GeV)

A
— GENIE v284
@® MINERvVA
> O GGM 1973

~ ITEP 1979
A MINOS 2009

N I T S B S
10 12 14 16 18 20 22

Neutrino energy (GeV)

0.8

0.6

0.4

035}

0.3f

0.25L

Neutrino @ WINERVA 2017
M VINERVA 2016
l O 12K 2015
I;L < T2K2014
X T2K 2013
1 4 ArgoNeuT 2012, 2014
= sciBooNE 2011
- A vinos 2009
Antineutrino V/ wowso z0
X JINR 1996
/\ BNL1980
Jﬁ V skar1979
* GaM1979
[] seBC 1979
X mep 1979
2 4 6 8 10 12 14 16 18 20 22
Neutrino energy (GeV)
3¢ Fermilab



Low-v Inclusive Cross Sections

Phys. Rev. D 94, 112007 (2016)

_ 05
(- 100_'I'I'I'I'I""I""I"'[’ ] [ [TV T T e [ [
@) i —8— data 1 © gl —8— data 3 [
o [ —— simulation a | —— simulation o 04
3 80 © S 04f
-~ [ — i < [
~ [ - 60 ~ O 3 L
o o s
g ©0r E | E F
~ : ~ 40 - 1
T 40 i % i ~ 02F W data — simulation ]
© 1 S I = [ ® MINOS B IHEPTEP |
5= 20 o= 20f g [ ® IHEP-JINR NuTeV ]
[ %, 01F  x ccrr 4 CDHs ]
0 ] 0 — - + ArgoNeuT ]
0 2 4 6 8 10 20 30 40 50 0 2 4 6 8 10 20 30 40 50 IOO'.l.|.|.|.1............<.|....'
neutrino energy (GeV) neutrino energy (GeV) B 0 2 4 6 810 20 30 40 50

] neutrino energy (GeV)
« Low-nu method assumes that the cross section for

events with low hadronic energy (v) is approximately
constant with energy

1.2 B M data — simulation |

- These events can therefore measure the shape of the = MINOS @ NOMAD
flux; absolute flux is extracted using external inclusive (| am 7Nt
cross section data (Nomad used here) B B IR B

¥ IHEP-JINR

« Fluxis then used to measure inclusive cross sections for
neutrinos and antineutrinos

- We find the analysis technique is sensitive to multi-
nucleon interaction models
— Systematics grow at low energy

— Will be a challenge for experiments such as DUNE, who hope to : GeV
use this method for precise constraints on neutrino flux neutrino energy (GeV)

2% Fermilab
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The NuMI Flux

Muon Monitors

Iﬂgure courtesy Z. Pavlovic‘l

* Neutrino flux prediction based on

R pee e Geant4 simulation of NuM|
e »  Simulation is constrained using
PR Spmmn ; e~ external hadroproduction data
m m .’_/. adron m ocC m H H
om0 675 m Hadron ! 12m Primarily NA49)
» Achieve ~8% uncertainties in
100¢ NuMI Low Energy Beam fOCUSing peak
90 Generation2 thin  Further constrained with neutrino
~ sof Corrected Flux +electron scattering (see later slide)
o E
& 0 v, Phys. Rev. D 94, 092005 (2016)
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-~ - ] L e pC — KX pC — nucleonX —— others
?g’ 305_ :*g o — total HP
L 20 £ 0.1
- 8 r
" sooep-b, 1
f. el b L e T ; SOOI
S 14 . S0k
§ 1_22_ weighted/unweighted *g -
B | - e I
3 08F
I T T S S S TR PR VI LI :
o s . . . .
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Neutrino Energy (GeV)
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Coherent K+ Production

qQ W
T >
ap, K
E 60:_v,,A—>u'K‘A T om /X/\Z\
a I coherentK* x5
g e . Very rare process
e & AT |dentified via cuts on vertex energy and t, scans to
5 oo Do | remove T contamination
Y + -+ We find 6 events in signal region; fit estimates
of ot 3.77 +254_ o2 signal events; null hypothesis ruled
S ++¢J out at 30
%50 100 150 200 250 300 350 400 Phys. Rev. Lett. 117, 061802 (2016)
Vertex energy (MeV) o 10 102
~ - § 0'92_ —— Signal 1° %
% 7 VA WK A { Data S osf -ag
2 B Coherent K* g 0 7_ — Background i %
s ° AS=1CCK' 2k { oata S
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= s 7 NoK" 0.4F- 14 5
i ) 0.35— 3_§
1 } ;l: 1 0.2;— 12 um-l
— - - I — 0.15— 11
000204 0608 1 1214 16 18 0.ob4 $ oy L o
Reconstructed |t| Iq_p |2(GeV2) 0.00 0:5 . o.1todt_ I:.:)slz © voz.)zo 76543210
econstructe = = ” e 2 xln%

2= Fermilab
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Charged Current K+ Production

15

Complimentary analysis to Neutral
Current K+ production

Both processes are very sensitive
probes of Kaon FSI, which is critical to
model for proton decay searches

Neutral current and charged current
processes separated via range of
longest reconstructed track

Events per 50 g/cm?
N

8/22/17

v Tracker — v K*X

C MINERVA | Data
[—Statistical Errors Only
[ Tuned Background B nokex
3.51E20 POT I & K& » 0 wev
CCK*X

K" in detector

ﬂ' ] nok

Overflow

00
Longest track range (g/cm?)
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Total rate overestimated by both
GENIE and NuWro. MINERvA sees

significant deficit of low energy kaons
compared to NuWro prediction.

Phys. Rev. D 94 012002 (2016)
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CC Pion Production: Muon Variables

10 d
Planview %
1004 ’ ™
Phys. Rev. D 94, MW‘
052005 (2016). " Baam ™ .
eam
" direction

Shape of charged current pion production cross section versus muon
kinematics is independent of FSI model.
GENIE agrees well with MINERVA’s data here, indicating that the disagreement

in pion variables (see later slide) is likely due to problems with FSI models

- . v, Tracker — p” Ni* X (W < 1.8 GeV)
v, Tracker — p*1n?X (W < 1.8 GeV)

[ MINERVA Preliminary [ MINERVA Preliminary —+— Data
5 Area Normalized T Area Normalized —— GENIE w/ FSI
B 2.01e+20 POT —¢— Data 25— 3.04ev20POT e GENIE w/o FSI

—— GENIE w/ FSI

4- +wwene- GENIE wlo FSI

u

n
= ol

do/dp (10*° cm?nucleon/(GeVi/c))

0T 23 456 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Muon Momentum (GeV/c) Muon Momentum (GeV/c)

do/dp (10™° cm?/nucleon/(GeV/c))
7
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Neutral Current Diffraction nm® Production
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Statistical uncertainties only
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in photon
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dE/dx
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” Phys. Rev. Lett. 117, 111801 (2016)
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diffractive event

Probable recoill
from proton
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Fraction of events

0

Ij [t1=(a-px)?

«O—=0

Analogous to NC coherent production. Potential background
for v, appearance. Not in default generator models.

0.7
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02f
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o
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— Diffractive n°

ﬂ

L
0 2

] 1 | |
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Reconstructed E
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Observed energy behavior is very different from
any other NC 1 production mod_&ls
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Neutrino-Electron Scattering

N Events / (1.0 MeV/1.7cm)

Measurement in LE NuMI beam reduces flux
uncertainty from ~8% to ~7% in focusing peak
Analysis underway in NOvA era beam, with much

18
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Can we isolate a sample of these well-

predicted events to directly measure

neutrino flux?
dE/dx<4.5MeV/1.7cm
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MINERvA Preliminary

improved statistics
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110+

Use early

ionization to reject
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Phys. Rev. D 93, 112007 (2016)
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Electron Energy (GeV)
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Deep Inelastic Scattering

19

o of 905 . da™
Ratio of dx ° dx
MINERVA Preliminary 4= Data

t 3.12e+20 POT = Simulation
1.6f NOT Isoscalar Corrected
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12}
L 4 * T }
1.0 ¥ ¥
* doe/dx
08
0.6
00 01 02 03 04 05 06 07
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1.8¢
{ MINERVA Preliminary —4- Data

i 3.120420 POT & Simulation
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1.2é {
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1.0 * Pb

osl | do"®/dx
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Seely, J. et al. Phys.Rev.Lett. 103
(2009) 202301 arXiv:0904.4448

n 1.2 . oPe2.06
% I . 22:4'50 JLab Data
I S SLAC Fit EMC Effect:
11 Nw o533 dip in heavy/
| Vv
- © Q’=6.05 P M

light nucleus

Cross section
ratio at

moderate x

MINERVA is the first experiment to look for the
“EMC Effect” in neutrino scattering
No evidence of discrepancy with model (which
does not include EMC effect). Currently
statistically limited. Much higher stats analysis
underway

2% Fermilab
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CCQE: Electron Neutrinos

Electron neutrino CCQE is a key oscillation signal, but has not cross section
data; can we trust lepton universality in complex nuclei?

g w25
e: L, A | > |l O B MINERVA
M"&"l< -8 % B Absolutely normalized (3.49 x 10*° P.O.T.)
g Measured cross _° [ —4- Data
D sections Bl W F ~—— GENIE 2.6.2
r’ -_— + o~ O :
oY, consistent with  »,| @ 1.5F
vV ° N
EEEER GENIE model ! '}
(assumes = : . '
e e charged lepton o.5i
| “’“‘“‘e'ys”f’fmsgf:‘?éf'e‘_ﬁ"é{;"sta&nc'l;" mass only 3
— imulation: statistical errors only |
2 + Data difference GO-.......1..#{f!d.f.=..~'>-.1.2/f?.=.9-¢?.............
o — Simulation 02040608 1 12141618 2
3 between XSZ Q2. (Gev?)
= at 10 (~15-20% QE
£ f i . . g
o uncertainties) yeﬂu difference not significant (~10).
o

Good enough for current expts. but

[, xIpdf=8.759=097 |, .

8’ G o5 0a 0608 Tz a6 T8 2 shape may need further investigation for
T . . . . .
Q2 (GeV?) future high-precision oscillation results

Phys.Rev. Lett. 116, 081802 (2016). _
2= Fermilab
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Inclusive Charged Current

« Cross section measured in two
variables that show how the
neutrino's energy is split between
the outgoing muon and outgoing

(Low Recoil)

Phys. Rev. Lett. 116, 071802 (2016)

hadrons. ~

. . . Q

* Oscillation experiments depend &

on modeling this split correctly! >
5 0.4
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MINERVA 3.33x10%° pot ‘Iz'o O
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—1.5 A

| —1.0

Strong evidence for two nuclear effe

i

0 02 04 06 08
Reconstructed q, (GeV)
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Neutral Pion Production

Do we correctly model nuclear

v, Tracker — p*1°X (X has no mesons)

rescattering — complementary to S e
. . > 350 "Sowmror b oata
charged pion production S 4  enEwe
§ 25; ---------- GENIE wio FSI
Antineutrino cross section indicates good £ L
model agreement in kinematic regions where ¢ + -
Final State Interactions (FSI) are minimal, but 85 Lol iy P

tension with models in FSI-dominated regions ™ oo 52 04 08 o8 1o~z 74 1o

=~ 40 v, Tracker — p*n®X (X has no mesons) 1042 ¥ Tracker — p” 1t X (W < 1.4 GeV)
[3) | MINERVA m I MINERvA ——
; F Area normalized + Data W 16[-Shape Erors Only ] :al:ianal State 0
() 35 20tes20p0T Multi 0 3 [ 30des20POT . Zerom 2 4 — - |
o = . . it = > 14F . kx> MERRNRNESE,
T %0 Antineutrino i § | o -
5 B . & 12f } =] ik
o 25F Neutral Pion I < inelastic 2 f } 5 ° NonInteracting y s S -
] F — < 100 — .
2 20F } — °Elastic R Neutrino
£ B 28 .
NE 15i 7® Non-interacting T ChargEd Pion
5 15 % o
§  1of
o
-
At
% 3323 % 3 40 &2 42 &5 & 50 52 54 55 38 60 62 64 66 68 70 72 74 75 76 80 82 8¢ &5 88 90 92 99 % 98 wbmbderbarterloalafs
Sla
Tl

bnu (GeV/c) ' ' - Pion Kinetic Energy (MeV) Phys.Lett. B749130-136 (2015)-

MINERvA’s pion measurements are powerful discriminators of F'SI models
3% Fermilab
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CCQE: Proton Kinematics

Momentum transfer (Q%)  _ .o Phys. Rev. D91, 071301 (2015)
= — POT Normalized
can be measured from £ s
c = GENIE RFG
proton energy in CCQE 3 o G
:42 — = == NuWro RFG+RPA
eve ntS § [ = NuWro RFG+TEM
o) N § 41— - NuWro RFG+RPA+Nieves
I NI ‘/\ g B - = = = GENIE Inelastic
Vu, bean‘T 1 | \\ : | ° 2 :_ o, T NuWro Inelastic
(1§ | E I_ B =
MINERVA \ 5 Modulé njmber - — s Semss
Tracke\: Region: \ UEJ 4 [~ Shape Comparisons
X-view o 12 _ I
e
T T T T T 1 IS" | I B E— 5 olgf_
\ L 0 2
2 Q% , (GeV?)

Data agrees well with models without
n « P multinucleon effects, in contrast to muon

R Y
(bound) * measurement (see later slides)
& Fermilab
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Coherent Pion Production

Can we resolve experimental

puzzles on rate for this process? vV~ *v
« This low multiplicity process is a troublesome W.Z
background for oscillation experiments and ’
previous low energy data is confusing : — 0
« Model independent selection and high statistics [t =(q-p-)?
allows test of pion kinematics '_O ¥ O_'
. . . A(zn) d A(z,n)
« 1628 (770) coherent neutrino (antineutrino)
events B o
x10-3gVu+A_>M-+J'E++A — 02 ‘IO'39VM+A_>I'l tm+A T
g 0.22 ¥2/n.d.f GENIE =54.49/12 ‘% : e == -t e Sl
8o om | Eosg a2 N T TR
[ S JEE --NEUT v5.3.1 5 -~ NEUT v6.3.1 (= ||
«% “‘g 0.1 |
s %vm,i : i
"0.05(]
of Phys. Rev.Lett. 113, 261802 (2014).

o b b b b by b L L
o 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
0, w/r to Beam (Degrees) 6, wir to Beam (Degrees)

Current generators don’t model process well at LBNF' energies
3¢ Fermilab
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CC Pion Production: Pion Variables

| "TTTRI iR MINERVA Data strongly prefers
: wl | Plfiview \, .« models with FSI; indicates GENIE
I ah
== M significantly overpredicts pion
" Beam’ Pions frequently ]
W A TEE] in detector production
. irection material also! %1072
50 20— POT Normalized . Data

GENIE 2.6.2 hA FSI

Do we correctly model
nuclear rescattering?

------- GENIE 2.6.2 No FSI
NEUT 5.3.1 (CH)

------- NuWro
............. ACS (CH)
........... GiBUU (CH)

g
9
o e S 14
Phys.Rev. D92, 092008 (2015). MiniBooNE’s g .
_ measurement of same § © P~
= .. . =
8 . Monuer st reaction sees harder 5 o/ = T SOno
S .GENIE  _GENIE 3 A
E BNBHL.I)(,CH2 NuMI flux, CH momenta, more 2
> } data t data ST T—
S 10 events and suggest L
og = 1.4;
Sl less FSI. 5 1o
< . . . 2 r
S ) 0, There is significant 2 ',
g | Aoty tension between the ool
% 1&9 i I25(30 ('1\3”(‘)0\,) 400 experiments. 0 %0 Hon llﬁq%tig%onerzgf (M%({/O) 350 400
n= Kinetic Energy (Me
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CC Inclusive on Nuclear Targets

How are CC reactions modified
by nucleus?

Phys. Rev. Lett. 112, 231801 (2014)

26

20r

2/ndf 605/6.. 1 01

Scintillator Modules

vV V V Vv

03 True Event Origins - Reconstructed Vertex Z

x1
% 14i Each Bunch Area-Normalized —4— Data
k] - [ carbon
g o [ Iron
= 12 B [ Lead
@ 10 } Scintillator
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41— pogees® -
2f
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1.8
%\P"Iﬁif_ ______ _________ ________ 1 __________ )

0.;) (]i2 0‘:4 ofs 058 1‘:0 1i2 14
Reconstructed Bjorken x

Targets are passive and there
is contamination from nearby
scintillator.

Use events in the tracker
modules to estimate and
subtract contamination from
scintillator events.

1. At low x, we observe a deficit that increases with the

size of the nucleus.

2. At high x, we observe an excess that increases with

the size of the nucleus.

These effects are not reproduced by current neutrino

interaction models.
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Events / MeV

Phys Rev. Lett. 111, 002052 (2013), updated to 2015 flux

CCQE (not CCQE-like) signal definition
Measurement of Q> measured via muon
kinematics prefers transverse

enhancement model

Energy observed around vertex
consistent with extra unmodeled

protons

MINERvA e v Tracker - CCQE

w

o

(=]
T

—— MC with syst. error
V [ [ %44 Background

¢ Data

n

o

(=)
T

1001
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Vi H
/€
\ =
4
n \ P
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9 14f
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Energy near vertex
prefers with adding
an extra proton to
25+9% of events,
also consistent with
a multinucleon
hypothesis

2= Fermilab



CCQE: Muon measurement (Antineutrinos)

v, N  CCQE (not CCQE-like) signal definition
* Measurement of Q* measured via muon

€ kinematics prefers Transverse Enhancement
' - model that attempts to account for
- \ n .
P X multinucleon effects

(bound) > * Energy observed around vertex consistent
with extra unmodeled protons

2.4 - ~
2.2 E— MINERvVA e v Tracker —» CCQE . .
oF t data NuWro RFG M,=1.35 E 1100 _ MCAr'?: nortmalized For an tineutrinos,
- —— GENIERFGM,=0.99 .- NuWro RFG M,=0.99 + T 10504 ] with syst. error
UEJ 1.8F NuWro RFG M,=0.99 NuWro SF M,=0.99 @ 1000 V 77 Background energy ar QU nd
w165 ,u ¢ Data vertex consistent
C 1aE with NO extra
e °F unmodeled protons
g E _ (expected if
o 0.8 .
06E m CC QE . multinucleon
0.4F 15 <E, <10 GeV T %00 3 interactions are
0_2: el ] . Vertex Energy (MeV) H H
25 ~ 1 prlmar/{y on np
Phys Rev. Lett. 111, 002051 (2013), updated to 2015 flux - ]
3¢ Fermilab
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29

Finishing up last low-energy results:

— More studies of Quasi-Elastic
Interactions

- Double Differential cross sections,
improved reconstruction S

+ Cross Section Ratios: Pb/CH, Fe/CH ~ osf -;

—— Low Energy

Neutrinos/cm?GeV/POT
o
o
T
1

Currently taking Medium Energy data oot
— Event rates much higher " ;
0.00"""""" ........... 4
— Have already accumulated 3x the O ey (Go)
exposure of LE dataset in neutrino -

mode; expect similar antineutrino
exposure (12e20)

— Will be able to probe nuclear effects for
several channels, especially DIS

Results should continue to improve
model descriptions used by both
theory and oscillation experiments

Protons on Target (POT)

£ Fermilab
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From the MINERVA Collaboration...

Thank You!
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