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Outline

e Neutrinos Oscillations
.... ahd why do we care about neutrino interactions?

e The MINERVA detector

> Measuring a cross section
> Need to know your flux
e Step through interaction categories & compare with
current models
> Inclusive scattering
> Quasi-elastic and QE-like
> Single charged/neutral pion production
> Coherent charged pion production
> Electron neutrino QE
> Observation of diffractive neutral pion production
> Inclusive and DIS nuclear effects

e Future plans
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Neutrino interactions

e Charged current (CC, W exchange)

> Lepton tags neutrino, all energy
seen, threshold due to lepton mass

e Neutral current (NC, Z exchange)
> Qutgoing neutrino - no energy threshold
> Missing energy & no flavor information
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hadrons

hadrons N
N
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X

Neutrinos oscillations
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REACTION TERM. v ENERGY

Solar neutrinos %) (MeV)

p+p—3H+ et + vy, (99.96) < 0.428
: : or
e The Sun prOdUCES nEUtrll’.\OS as It 4o +p—3H+ v, (0.44) 1.445
converts hydrogen to helium
e The neutrino production rate is well "H+p— "He+1v (100)
known based on the amount of light sy, | sge o 4+ 2 (85)
emitted by the sun or
| Gallium  (Chlorine I SuperK %He + YHe — "Be + v (15)
101 r .' — — 'IBe + e~ — 'rLi + v (15) {gggg ?g%
101 I-/——_m .
5 mwfr Li + p — 2a
é 10° r or
o 1°f e "Be bep TBe + p — 8B + ~ (0.02)
g o °B — "Be* + et + v, < 15
g 10¢ ] SBe* — 2a
108 _—
= 104 E ’/ or
109 / He + p — “He + et + v,  (0.00008) <18.8
10® r
10 'Q" — Neutrino terminations from BP2000 solar model.
Neutrino energies include solar corrections:
Neutrino Energy (MeV) J. Bahcall, Phys. Rev. C, 56, 3301(1997).
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Solar Neutrino Experiments

e Up to 2002 the data was confusing

e Solar electron neutrinos seen by
6 different experiments using 3
techniques

> Experiments mostly sensitive to v, CC

The sun imaged with neutrinos

o R at e S a n d S p e Ct r‘ u m (courtesy R.Svoboda and the SK collab.)

SNO

OEs

different than standard dcc:

solar model
> Problem with the neutrinos?
> Problem with the solar model?

e Solved by the SNO experiment
> Could see all 3 types via NC
> |t’s the neutrinos
> They change types inside the Sun & in space
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2-Flavor
Oscillation Formalism

e What if there 2 neutrino basis (weak force & mass)?

|Vl> = EUli Vi>
e The probability that a neutrino (e.g. v,) will look like another
variety (e.g. v,.) will be

Plv, = v, 1) = |<v1:|vu(t)>|2

e 2-component unitary admixture characterized by 6:
P(v, = v,) = sin?(20) sin%(1.27 Am? L/E)

e Experimental parameters

L (distance from source to detection, km)
E (particle energy, GeV) Lo, Am2=0.003 eV L =735 km

o

sin“(20) (mixing angle) & 0 1 23 456 7 8 9 10
Am? = m_2 - m 2?2 (mass squared difference, eV?) E(GeV)

>V M)

e Oscillation (physics) parameters
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Kamland: Man-Made Neutrino Tes

e Reactor experiment with a twist
> (Go a lonnnnnng long distance to test

solar neutrino oscillations with man
made neutrinos

> 20% of world’s nuclear power (was)
100 - 300 km from central Japan

e Neutrinos observed: 1609

e Expectation w/o oscillations: 2450
> Spectrum & rates fully consistent

with Solar results!

> |nitial results
the same year
as SNO

Phys. Rev. Lett. 100, 221803 (2008)
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Atmospheric Neutrinos

e Primary cosmic rays strike the

Cosmic-ray

atmosphere and produce shower
showers of particles including \ /
muons ) A )
e Long range of distances v we /}
< L~20km e
Ve /
A ',/'
A% vV v
N M ; i Ad d
— Underground apted from LANL
vV L~104km Vo Ve vy VH
detector
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Cerenkov Rings in SuperK
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SK neutrino data shows disappearance
(1998)

1 5':' 1 I I I I l 1 I I 1 50 I I I I T l T l
multi-Ge V' e-like multi-GeV p-like + PC
® Data i 1
Monte Cardo (no o)
1000 — — Best Fitvp—v‘ — 100 — —_

0 1 | 1 | 1 | 1 | 1 0 1 | 1 | 1 | 1 | 1
-1 -0.6 -0.2 0.2z 0.6 1 -1 -0.6 -0.2 0.2 0.6 1

Up cos® Down Up cos® Down
Going Going Going Going

All data (results from 7 experiments) consistent
with muon neutrino —> tau neutrino
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NuMI Neutrino Beam at Fermilab

Muon Monitors

, Absorber
Decay Pipe
Horns

IR
Targe ,/IZ' " \ .‘ A : , i n,;:,'u)]; ,‘u!v! u
__ —H ' } il

e ar s S : «
10 m 3I0mM " Hadron om Rock 12m 18 m
675 m Monitor
Near Detector MINOS PRELIMINARY
60— 11—

B Fiducial
—— Horn On MC
—— Horn Off MC

400

—— High Energy MC ]

120 GeV/cp from the FNAL Main Injector
. Rep rate: 1 spill / 2.2 see

3.5e13 POT/spill
10 microseconds long
. Beam power: 320 kW average

k_ ‘&( T R 1)

True Energy (GeV)

200

Events/1x 10""POT/GeV
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The MINOS Experiment

Send neutrinos 735 km
from Fermilab to Soudan

> There’s no tunnel — just solid rock

> Their journey takes only 0.0024 sec

2 neutrino detectors

> A small detector at Fermilab
(“near detector”)

> A large detector at Soudan
(“far detector”)
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A Muon Neutrino Interaction

Date : 18 May 2005 Time: 15:27:52 Run :31464_2 Snarl : 40136 EventType : Beam Neutrino Candidate

Y

Resulting muon
bending in the
magnetic field

-3E

] trigger : SPILL IP
Debris from
struck nucleus NI Y

- o -4 -2 4 6
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MINOS long-baseline oscillation results (2006)
(consistent results w/ K2K, T2K, NOvVA)

IIIIIIII 25— T
500 | —+— MINOS Far Detectolr Data| . i | | | i
B Prediction, No Oscillations i - Low Energy Beam, v,-mode -
B Prediction, Am?=2.41x10° eV? 1 o ol . .
400+ Uncertainty (oscillated) . 5 ) 10.71x10% POT )
> B [__] Backgrounds (oscillated) i (_"3‘ . MINOS PRELIMINARY il
) B y = B 1
O 300 . 2 1.5 N .
?J n Low Energy Beam, v -mode | @) n + H _
= ) 10.71x10%° POT 1 o ) ——
GCJ B MINOS PT?ELlMINARY 1 Z 1 I 'l'
>200— o o) T i
L B 7 += o .
B i ie - .
100}~ 1 205 .
i i —4— MINOS Far Detector Data .
B’ i ) Pred|ct|on An12 2.41x10° eV2 i
- A S S S B N PP T |
0 5 10 15 20 30 50 0 5 10 15 20 30 50
Reconstructed v, Energy (GeV) Reconstructed v, Energy (GeV)
Category Predicted (w/o oscillations)
Beam neutrinos 6028 7074
Atmospheric neutrinos 2072 2397
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Three-flavor oscillations: the last transition
discovered in electron-neutrino disappearance 2012

| T2K*
| MINOS*
| Double Chooz
| RENO
| Daya Bay
W combined

Consistent results from 3 experiments
T2K sees equivalent in long-baseline too

0 005 010 0.15 0.20
20003_ - —4— Far Hall |
C had —}— Near Halls (weighted)
1500
1000~
500F
0 - ; - s
0 5 10
Prompt Energy (MeV)
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The stories told...

e From the atmosphere
> Muon neutrino goes to tau neutrino
> And only rarely to electron neutrinos Hormal 2
> Long baseline beams of neutrinos verify lerarchy A

e From the sun
> Electron neutrino goes to something
> Long baseline reactor neutrinos verify

e Last transition via precision reactor exp’s

_j'A’”fl

I 2

> Electron neutrino to muon neutrino I |
> Long baseline electron appearance verifies |_r|1.verte
: ierarchy A,
e What’s next?
> Hierarchy of neutrino mass spectrum
B

> CP violation in the neutrino sector

> Requires precision comparisons of
neutrino/antineutrino electron appearance

2 = 2 2
Ameg, = mgc —m,

11/11/15 MINERVA results, Nelson 17
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NOVA - the next generation

2-detector, long-baseline experiment

Off-axis neutrinos from NuMI

Physics goals:

>Search for electron neutrino
appearance (with both
neutrinos and antineutrinos)

'48 >Precision studies of muon
\ ] i
neutrino disappearance

MINERVA results, Nelson
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NOVA Detectors

Designed for electron ID
Massive, Low-Z, 65% active
ND: 330 ton, 1 km from source

FD: 14 kton, 810 km from source

—
63.00m /
/~"/
= o |
AT
G ) |
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Simulated events in NOVA
(15t results this summer... but that’s another seminar)
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Deep Underground Neutrino Experiment
(DUNE) - further future

: Nebraska T : y 28 ¥ L o — N —
. ‘ : _— . o ~ PN i jo. .

= VRS

« Massive Liquid Argon TPC (up to 30 ktons)

« Almost bubble chamber-like event detail

 New beam line with higher power at a longer baseline (LBNF)
« Should start collecting data sometime in the next decade

11/11/15 MINERVA results, Nelson 21



Uncertainties on signal predictions in v,
appearance measurements: now & goals

CP Violation Sensitivity

MINOS ——————— 50% d.p Coverage
6000 - yﬁ‘; dDeetector | 5.6% uncertainty 8 .
_ on signal prediction 7 LBNE
[72) 6 -
e 4000 -
7] N, D
> < 4 +
"' 2000 - .
© 3
2 | 80 GeV Beam
oL— . 1 Signal/background
uncertainty varied
aLEM 0 1 ] 1 1
0 I ' 6.8% uncertainty 0 200 400 600 800 1000
ToK = ] T DKdwa 1 on signal prediction Exposure (kt.MW.years)
E 8 B S BZZkglr:l?:(: :(l):]:]p()nent—_
Sof :
2 £ ] « LBNE’s goal is 1% for total systematic
g : : uncertainty on signal prediction
5 21 - e : : :
. u » Sensitivity to CP violation is strongly
% 50 000 impacted by uncertainties in signal &

Reconstructed neutrino energy (MeV)

background predictions
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Neutrino interactions: why care?

* We need to estimate the energy
of the incoming neutrino

> Different from the “visible” v
energy seen in the detector
* Neutrino oscillation experiments
use nuclei as targets (e.g. O, C, Ar)
> This affects the visible energy ...
> Motion of struck nucleon within nucleus

> Number of final state particles
« We are not sensitive to their rest masses, binding energies

> Intra-nuclear absorption and scattering
> Nucleon itself is modified by the nucleus

11/11/15 MINERVA results, Nelson 23



Neutrino event generators

e Neutrino experiments have are few in situ physics
handles

> MIP/muon, Michel electrons, Neutral Pions

> Only know the incoming neutrino direction accurately
e We rely heavily on full simulations of neutrino

interactions to understand

> Signal selection

> Background rejection

> Energy reconstruction

e In the US program we most often use GENIE
> NIM A, 614, 87 (2010)

e Many others exist
> Some with fully specified final states
> Some computed based on physics distributions

11/11/15 MINERVA results, Nelson 24



GENIE (nee NEUGEN) model
& world inclusive-scattering data (ca. 2008)

Total Anti-Neutrino CC Cross Section Total Neutrino CC Cross Section

NEUGEN v3.5.0 Prediction

NEUGEN v3.5.0 Prediction

03} + +
+ + ® CCFRR
[ ® CDHSW
0.2+ @ BEBC 1979 W GCM — SPS
’ W BEBC 1982 0O BEBC
A CCFR 1990 # ITEP
OCDHS 1987 ACRS
| W JINR 1996 A SKAT
01} AITEP 1978 s ANL
’ O ITEP 1980 v BNL 7/
* Gargamelle ¢ GCM — PS
L L L L1l 111 I L L L L1 01 II L L L L 11 II L Ll I
0 -1 2 2
10 1 10 10 10
E (GeV) E (GeV)
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State of scattering
(ca. 2011)

« SPS and TeVatron
experimental results

* Getting detailed results
from MiniBooNE, K2K ND,
and SciBooNE

> Dozens of papers
> Starting to get the right nuclei

> Can'tfit it all on one plot
anymore... a good thing

> Dearth of antineutrino data
starting to be addressed

> All these are for ~<1 GeV
« Data disagree with models!

v cross section / E, (10°° cm?/ GeV)

tion/ E, (10°°cm2/ GeV)

o
°© o
- o

0.05

Vv Cross sec

o

10 1 10 10

E, (GeV)
J.A.Formaggio, G.P.Zeller, Rev.Mod.Phys. 84 (2012) 1307
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Our generators (models) do not accurately
reflect recent cross section data

Adapted from PRD 81, 092005 (2010)
by P. Rodrigues

<~ 20
>
S |t Vu+ CHz — u* + 01T
5 L MiniBooNE Adapted from PRD 83, 052007 (2011)
5 by P. Rodrigues
ng ‘. —— Fermi Gas prediction % SRR AL LA AL L AL
gt = 14E MiniBooNE Wl Resonant =~
| + Data N u . ) ]
-+ g 0.12 Resonant 7wt N
e N ‘ B Coherent ]
. (?O 0.1 } . —
. . : . < -Quaswlasuo .
8.0 0.5 1.0 15 2.0 08 { = .
2 2 [ 1~ —]
Q° (GeV?) 5 g : } | | ]
BT (2%.06 —
s _— VutCH—-> p"+CH+ 1 ° ]
= * DATA =
10 _ ]
=] -~ CC coherent &
% CC resonant 1
£ B oter 100 150 200 250 300 400
w B ccae T, (MeV)
_ vp+ CHz — p* + 11
SciBooNE
% 0.1 0.2 . ] 5
PRD 78, 112004 (2008) @ (GeVic)
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MINERVA

» Finely segmented solid scintillator (CH) detector on axis in NuMI
— Active tracker is all scintillator
— Calorimeters are scintillator w/ Fe or Pb _— I
= Targets of Iron, Pb, C, Fe, H,O & He
= MINOS detector for muon spectrometer
= Test beam program for energy scale/detector model

Elevation View
Side HCAL
Side ECAL —T]
‘ " g v-Beam !/
] e
38 =2 |22 TN (s S
= B et - LR ge | 58 |E
7] L UQ Active Tracker Region £ E e E <
— \ 1 VI o s E: ‘O- =
: L3 g5 | T8 |
0 Liquid 3| & 8.3 tons total oy v
. o w
Helium 15 tons| 30 tons
Side ECAL 0.6 tons
Side HCAL 116 tons
- 5m >
NIM A743 (2014) 130 <2 m>

NIM A789 (2015) 28
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A MINERVA event
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250 kg
Liquid He

Active scintillator modules

I
v v v v \Z

Tracking
Region
1”7 Fe/1” Pb 17 Pb /1" Fe 37 C/1"Fe/ 1" Pb 0.3” Pb 5" Fe/.5" Pb
323kg/ 264kg 266kg / 323kg 166kg/ 169kg / 121kg 228kg 161kg/ 135kg
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The MINERVA Collaboration

31
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Measuring a cross section

- U(D-B)
- e®T x AE

o(E)

e D is data event yield

e B is background estimate

e U( ) an unfolding operation

e ®is flux

e ¢ is the acceptance correction

e AE is the bin width

e T is the number of target nucleons

MINERVA results, Nelson
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Flux tools: flux critical for any
absolute measurement Final MINERVA

traine
c:;c:\r:/s(a\\ed at 12! AT ENAL

e Hadron production data  semn __ wsw
oy Leo Aiag
>External thin & thick target ., exweska o
hadron production data \uint2015 (<87 €

Legacy data, NA49, MIPP
>Future: US-NAG61

e Can also use standard-candle cross
sections
>Neutrino-electron scattering
>Low v (low recoil) events rates
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Flux: GEANT4 corrected with external data
(preliminary: used for almost all MINERVA results)

NuMI Low Energy Beam, Right Sign NuMI Low Energy Beam, Right Sign
l’_\ L T T l L I L l L I L I L I L I T T T I T 1T T I L ] -o 1.6: T T I L I L l L I L l L I LI I L I L ] T T |:
O 100 — o r ]
a8 - _ o 15 —]
° t Corrected Flux - o - ]
= L —V i %’ 14— =
> 80— H ] € .
8 B — ] 2 ]
o~ L —Vy 1 8"F E
€ Uncorrected Flux - ]
= — - = 12 —]
S+ V - o L -
£ M 4 2 .
= 40— _ —] O 11 —
-] - _ - - -
\8, B v“ ] E iE —
B i < F =
X 20— — = F -
T - 1 % oosf N
N P I I B e —— _ 0‘8:_.,|...|...|...|...|..|.|.|.1.:
o 2 4 6 8 10 14 20 o 2 4 6 8 10 12 14 _ 16 18 20
Neutrmo Energy (GeV) Neutrino Energy (GeV)
GEANT4 FTFP-based flux turned using NA49 thin-target 11/k/p data
and MIPP thin-target k/11 ratios; corrected for n production
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Flux tools: flux critical for any
absolute measurement

e Hadron production data

>External thin & thick target
hadron production data

Legacy data, NA49, MIPP
>Future: US-NAG61

e Can also use standard-candle cross
sections
>Neutrino-electron scattering
>Low Vv (low recoil) events rates

MINERVA results, Nelson
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v-e scattering v v

« Signal is a single electron A
moving in beam direction € e

> Purely electro-weak process

> Cross section is smaller than
nucleus scattering by a factor

MINERVA Data

of 2000 3
* Improves MINERVA's flux s BESMDe ~20 ki
uncertainties ?
> Statistically limited - Module Tumber
(~8% error) ~ 100:;~ POT-Normalized —+4— Data
: . § 3.43e+20 POT l:]:": ::’.78‘9
> Results are consistent with 3 | e e
new flux calculations s | [P -v: others 232
T 60+ ) Vv, x® 1.
* Important proof of principle 2 wé__ | v, COHT 442
for future experiments s " f-_f! v.cc 50.9
-

> Especially for higher energy 20 [Ty
beams | r"' -~ ,

L rare B N . S s, o e e P S
0 2 4 6 8 10 12 14 16 18 20

dE/dx (MeV/1.7cm)
J. Park FNAL JETS, Dec 20, 2013
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Flux: low v

» Charged-current

scattering with low v, in FHC
hadronic recoil energy 2 0T
(v) is flat S osf BRI
do By C v € Tt ;
— = A+ KT_KF) s 15:-11 [T :
T 1-0}[“ ] .
« Gives a measurement ° oS T
of the flux's shape I AT RS
. . . "0 2 4 6 8 10 20 30 40 50
NOFma|IzatI0n t|ed tO neutrino energy (GeV)

external measurements at
high energy
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NuMI on-axis neutrino flux
from the low-nu method

v, in FHC .
H v, in FHC

|_ 100_' L II[III'II'IIII'II"'_ L L L R R

O Py C | — Total

o i i d.a @ c - i{------ Statistical

(o) 80 —_ simulation — .9 0.10 | 4 - MCStatistical

— - o) - 1—— GENE

~ i 8 008 — — —— Flux
o 60 | _ =) ] ] ——— RecoilReconstruction

& i § 0.06 o ] —— MuonReconstruction
~ - :

5 (@) B CrossNormalization

% 40 F | .8 i P MassModel

(D : 9 004 N Normalization

~ i | = -

> 20F § 0.02 |

O , 1, | 0.00 . PR IR B 4 . | PSR BR R SR
0 2 4 6 8 10 20 30 40 50

M L
0 2 4 6 8 10 20 30 40 50

neutrino energy (GeV) neutrino energy (GeV)

Results are consistent with the neutrino-electron scattering and ex situ fluxes
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NuMI on-axis antineutrino flux
from the low-nu method

Vi In RHC v, in RHC
5 'f 1 1 1 1 1 | 1 | i‘ > T T T Tota
a 80 —4— data 41 € ogo5F q------ Statistical
O : . simulation : g E 1------ MCStatistical
(&) i | o a "] —— GENE
g 60 — + — 8 0.20 - ] Flux
e N J > . L] RecoilReconstruction
N — b ! -
E R - © 0.15F ' — MuonReconstruction
N J C B i . s
~ (e - ey ] CrossNormalization
> 40 0 ] *8 n P - MassModel
8 © 0.10 :_ ] r_ r__ Normalization
= 20} - 0.05 | :lﬂ[ ______ JES o W g
> I 1 e i Sl M ]
ol 024 6 8

0 2 4 6 8 10 20 30 40 50
neutrino energy (GeV)

neutrino energy (GeV)

To be unveiled at 1/8/16 FNAL wine & cheese
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b
Simplest thing...

inclusive charged current scattering

Results use low-nu flux
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MINERVA CC inclusive neutrino
cross section & world data

— 11 L L L L DL LN L LN DL LA B
C r

8 L ) —4— data

O 1.0 - 4 —— simulation
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> | —— T2K

GJ .
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~— i
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©
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11/11/15
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neutrino energy (GeV)
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MINERVA CC inclusive antineutrino

cross section & world data
05 LN DL L DL L L L LB LN DL LA L

04 | | -

0.3}

0.2 —4— data —— simulation —
—+— MINOS —4— IHEP-ITEP |

—4— IHEP-JINR

024681020304050
neutrino energy (GeV)

0.1

6/E (10°° cm2/ GeV / nucleon)
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Quasi-elastic scattering

MINERVA Data
120
110
100 Neutrino Quasi-Elastic Candidate
5
-g 90
-}
s 8 neutrino beam
= iy Muon
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60 V}J

v |
50 P
\// ’
40 4
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Long-standing problem in v, CC
« NOMAD, bubble chambers

no
(=]

QE

> Used two-track topology with low thresholds

> Consistent with RFG (like GENIE’s model) with
M,=1 GeV but prefer a better nuclear model

« K2K, MiniBooNE, MINOS, SciBooNE

> Fine-grained scintillator so higher proton tracking
threshold

> L_ook for_ a muon and low recoil; use muon
kinematics for energy

ey
[
T

do/dQ? (10°° cm2/GeV?)
>

+ MiniBooNE 2010, CH,

+ Adapted from PRD 81, 092005 (2010)
—— Fermi Gas prediction

$ Data

> See a higher rate and different Q2 distributions Bs
consistent with a higher M, + low Q? suppression

By 2010: becoming
clear that this was

0.5 1.0 1.5 2.0

2 2 Q? (GeV?)
Q:—q (e).

SciBooNE Preliminary

J.Alcaraz and |.Walding, AIP Conf. Proc. | 189:145 (2009)

probably due to an extra 16 10%
unmodeled process well £ 44= (b)
)

known in electron scattering & 4
> 2 particle, 2 hole (2p2h) © 10
> Models include MEC & TE

NOMAD: EPJ C 63, 355 (2009)

K2K: PRD 74, 052002 (2006)

K
o
W
\
K

——s——MiniBooNE data with total error

—%— NOMAD data with total error
—— SciBooNE data with preliminary error

RFG model with M"=1.03 GeV,x=1.000

RFG model with M, =1.35 GeV,x=1.007
Free nucleon with M,=1.03 GeV

8
6
MB: PRD 81, 092005 (2010) g
0

MINOS: PRD 91, 012005 (2015)
SB: J. Walding, IC thesis (2009) 10

o
—
w—
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2-track QE, proton-based reconstruction

22F

18
16
14
12

Ratio to GENIE

v, Tracker — u"p * MINERVA Preliminary

lll

lIlIlllI[llIlllIll

06

¢ Data

= GENIE RFG = NuWro RFG
= NuWroLFG === NuWro RFG+TEM

----- NuWro LFG+RPA+Nieves

Area Normalized

| l 1 1 L | l 1 1 1 L l | 1 1 1

0.5 1 1.5

PRD 91 071301 (2015)
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Select events based on
1 PID’d stopping proton &
1 muon

Reconstruct kinematics
quantities using proton angle
and energy

Very sensitive to final state
Interactions

Shape-only comparison

In proton kinematic variables,
see relatively good
agreement with Relativistic
Fermi Gas (RFA) model for
QE scattering

These 2-track QE make a
pretty good standard candle
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QE-like with lepton-based kinematics

MINERvVA * ¥ Tracker = CCQE

» Reconstruct the muon T S

> Require not too much energy y | | omeen e

beyond a box around the vertex E "4; _v-bar T <

* Relatively insensitive to final 331'215_{/

state interactions (only enter & Iy oyt

via the background estimate) o5l 18<E <t0Goy
 Disagreement with Fermi Gas

model seen in total cross 18 " mmonan - mmomwonaner

__ NUWro RFG M,=0.99 ——— NuWro SF M,=0.99 .

section, shape of cross section

> Shape alone (right) has model
discriminating power

> Favors 2p2h contribution

—_—

) »
T
N\

Ratio to GENIE
o
[

(=)
o
l

—
rFrrr1ynrori
l \
\
et
\

1.5<E <10 GeV

> TEM = Transverse Enhancement Model 06  AmaNormalzed
102 120'1 , 1
Q2_(GeV?)
PRL
PRL
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Search region around the vertex for
QE-like events for signs of extra particles

MINERVA Preliminarye v CH— CCQE

. . . > A lized
« The model is that a (np) pair are coupled via 2 mocce
initial-state pion exchange P I CC Resonant
: . c 200 I ccois
> Like a deuteron within the nucleus o Other
> Neutrino scattering should look like u $ Data

2 protons in the final state
> Antineutrino scattering should look like
2 neutrons in the final state
* Measure distance of extra energy in annuli 100 200
around the vertex to measure the energy Vertex Energy (MeV)
spectrum of the extra particles MINERVA « v Tracker - CCQE

> Consistent with extra proton production (2p-2h) r=0-300mm
for (25£9)% of neutrino QE-like events with
range up to 250 MeV/c

> No excess in antineutrinos QE-like (E
« GENIE underestimates energy of QE-like 100

hadronic system which will cause biases in
neutrino energy reconstruction

g

----- MC Nominal
— MC Best Fit

Events / MeV
N
o
o

0 100 200 300 400
Vertex Energy (MeV)
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Electron neutrino CC QE:
Large signal for electron appearance

120
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vV, € 100 (\M‘n& "
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The first time this channel has been
measured

e |solate the small
electron neutrino
sample (2% of N
beam) : i

400:_ region
e Rely on electrons :
having one prompt
track while neutral
pions start their :
shower with 2 "1 2 3 4 5 6 7 8 98 10
y . - Min. 100mm dE/dx in first 500mm (MeV/cm)
tracks’ ionization
(ete~ pair)

600} Absolutely normalized (3.49 x 10*°P.0.T)
B Statistical uncertainties only

Events

300

200}

100F
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Electron neutrino CC QE
is consistent with muon neutrino CC QE

e Constrains differences the +Dt
between nuclear effects to the & Simulation

15% level

(10™° cm2/ GeV / nucleon)
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'02_ - Data '°1234567891o
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* (O i —_ 3
° c B c 12 MINERVA
ol o 1.5 o B Absolutely normalized (3.49 x 10°°P.O.T))
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- } * c B 4 Data
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Unmodeled background:
NC diffractive scattering from H

600/

S00¢

|

400

300¢
200

100

"1 2 3 4 5 6 7 8 9 1
Min. 100mm dE/dx in first 500mm (MeV/cm)

11/11/15

I >

1) 1t]=(q-p-)?
|

-O—0-

Conceptually similar to
NC coherent scattering:

 Little momentum transfer to target
* Vector meson emitted in forward direction

Unique to diffractive scattering from H:

» Recoiling H nucleus (single proton)
sometimes visible

Not in (default) GENIE model

MINERVA results, Nelson
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Results: pion production

MINERVA Data

120 Neutrino resonant
110 charged pion production
100 candidate

90
L] /
s _Neutrino beam | Muon ..

T T——

70

60—

Strip Number
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50—
Pion

40—

20—

10

v y
\/
30 W
N/\< v

00— | | | | | | | | | | | | | | | | | | | | |
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Module Number
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Results: pion production

Strip Number

MINERVA Data
—FOPMVIEW : :
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10 . —
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Pizero mass peak after sideband fits

v, Tracker — p*1°X (X has no mesons)

MINERVA Preliminary
100 0.91e+20 POT

80

60

40

Events / ( 10 MeV/c?)

20

0 50 100 150 200 250 300 350 400 450 500

m,., (MeV/c?)
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Results: resonant charged pion
production

v, Tracker — u” Nr* X (W < 1.8 GeV)

» Differential cross sections with :ng
respect to muon kinematics 300 T e
> Muon is not FSI sensitive 25 — et
> Shapes vs both energy and angle are 201
in reasonable agreement with GENIE 150 Charged
« GENIE over-predicts the resonance 'l
rate for charged pions by 25% N S |

> Charge pion is FSI sensitive
« GENIE mildly over-predicts
the rate for neutral pions

> Neutral pion is mildly FSI sensitive
(Largely through charge exchange)

« The difference in agreement
suggests possible FSI deficiency

v, Tracker — pu*n°X (W < 1.8 GeV)

| MINERVA Preliminary
5 — POT Normalized
C 2.01e+20POT —¢— Data

— GENIE w/ FSI

—— NuWro

— NEUT

Neutral

1

doldp (10° cm?/nucleon/(GeVic)) 90/dp, (107 cm?/nucleon/(GeVic))
o

0 1234567é9ﬂ10
Muon Momentum (GeV/c)
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Pion production cross sections vs E,

v, Tracker — p* X (W < 1.8 GeV)
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s
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S 30k
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L 201
= [
W 10
o i

0

11/11/15

MINERVA Preliminary
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Resonant Pion Production

Neutral, absolute Charged, absolute Charged, shape
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1204 neutrino beam

Muon_ _wl

100+ — — 1 E——

e L g

Pion

% ZZ: 0l | water [ | Neutrino Coherent
2 00 Wb Pion Production
& ol r B Candidate
:. p 2I0 2I5 3I0 3I5 4IO 4I5 SIO 515 610 6]5 7]0 7I5 8IO 85 9[0 95 1(;0 1CI)5 11[0 115
\/ Module Number
W
e " Neutral pion NC analog is a background to
/\ electron neutrino appearance measurements
A A
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Prior results:
coherent charged pion production results

500 LU U1 LS AL 1 LI L LS LI S| LIRS | ] " ]
EoLB 313, 267 (- }' SN 'T; » Clear signal seen by high

400 7 .
T F | S & . energy experiments
L o300F 0, g T Z
5 L0oF IS | 3 + No signals seen in recent
o £ A % Rachen - Padua (1] + Gargamelle (2] low-energy experiments

100 | CHARM (3] A SKAT (CC) [4]
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 MINERVA sees clear signal
of neutrino and antineutrino
coherent pion production

« Reconstruct |t|

> The 4-momentum transfer to
nucleus (including masses)

> Minimal model dependence In
signal prediction

> Large background suppression
Q* > myly/(1-y)]
1 > [(Q* +mz)/(2yE,)]

PRL 113, 261802 (2014)
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Coherent charged pion production

. 12x1039 V,tA—=pt+o -~ 1,(1039 v,*tA—=>p+n*
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> — "
s | o |8 °‘8:“ = .| * Databegin to
9 . 5. o _ 5. _ _
£ g og probe kinematic
8%""'6] = 04 predictions used
o4 ® to model thi
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Coherent charged pion production

oo VutA—=> W+t +A

wV,*A—=>put+1 +A

x1 x 1
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[1] SciBooNE Collaboration (K. Hiraide et al.), Phys. Rev. D 78, 112004 (2008) [6]1 SKAT Collaboration (H.J. Grabosh et al.), Z. Phys. C 31, 203 (1986)
[2] K2K Collaberation (M. Hasegawa et al.), Phys. Rev. Lett. 95, 252301 (2005) [7]1 ArgoNeuT Collaboration Nulnt 2014 preliminary result
[3] T2K Collaparation Nulnt 2014 preliminary result [8] BEBC WAS53 Collaboration (P. Marage et al.), Z. Phys. C 43, 523 (1989)
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Probing Nucleon Structure
Deep Inelastic Scattering (DIS)

» Lepton strikes quark, breaks apart nucleon Ut (Bp)
* Cross section a function of v (Ep) /

> Probe (lepton) momentum '\ WF (v,9)

> |nteraction kinematics ' -~

> Target (quark) momentum \X]ih

Encoded in structure functions — F,, F,, F;

AoV G2M,E, rﬁ ) ( ;L'yMn> ) y ) ]
— — | =2z Fi(x, +|11—y— = Fs(x, +y(l — =)xFs3(x,

7~

-

L —E_F ] Y = Eh/E Inelasticity ]

.
~

\(

5 9 ;o (Q° Bjorken scaling variable
Q" =—q° =2E (E' - p'cos (0)) J T = —— Fraction of nucleon’s momentum
2Mv .
carried by the struck quark

\.

\
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High x summar oo R Zm.
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Low x summary 12y
1.1
At x=[0.0,0.1], observe a ool '
deficit that grows O E
. . O | x -~ y%ndf = 17.52/5 = 3.50 —4— Data
with the size of the nucleus = 3F '8 zeerer’ = Monte Carl
, , o Elx F dofe/d
- This effect is not modeled in 8° % X
simulation == +
0 91;+ I ........... ’ ......................... + :
We expected neutrino differences o:si— ‘—“—
Neutrinos sensitive to B 151" zsiror e Garo
structure function xF, L 1:: N doPb/dx
Neutrinos sensitive to “E |
axial piece of structure p: +
function F,
GENIE 2.6.2 . |
08 —"02 04 06 08 T

PRL. 112 (2014) 231801 Reconstructed x

11/11/15 MINERVA results, Nelson 66



DIS version - might be better than
inclusive but stats in LE sample are limited
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MINERVA ME Program

« 3 times the POT of low-energy
sample by FY16 shutdown

e 3.5 times more events/POT

* These statistics will allow study of
nuclear effects in exclusive states

* Wider ranges of energies means
wider range of kinematics to probe
and discriminate between models
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Bjorken x Fe uncertainties
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CAPTAIN-MINERVA

Proposed extension to
program (2017-2020)

Add a LArTPC with

MINERVA for
downstream
containment

1st dedicated Ar
Cross sections

in few-GeV
region

Supports the

— CC Total GENIE 2.8.4
— CCRES
3 NuMI ME Flux
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Y
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o
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1
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Synopsis

e Future long-baseline neutrino oscillation experiments,
including the US-flagships of NOvA and DUNE, need to
know cross sections in the few GeV region at
unprecedented precision

> Requires systematics at least a factor of six smaller than the
current state of the art

e MINERVA is leading the way in neutrino-nuclear
scattering in this energy regime

> Initial results focus on v-C
> A number of new results coming later this month at Nulnt2016

> Near future: evolution of nuclear effects in exclusive channels
over a range of nuclei

> Further future: dedicated liquid argon program

e These results need to be incorporated into models
(event generators) for the US neutrino oscillation program
to succeed

11/11/15 MINERVA results, Nelson
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