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. Neutrino Interactions:
Slmple. ... until they aren't

Leptonic current is perfectly predicted in SM...‘“/
...as is the hadronic current for free quarks.

For exclusive, e.g., quasi-

For inclusive scattering from a . .
elastic scattering, hadron

nucleon, add PDFs for a robust : iy
. o .. current requires empirical
high energy limit prediction :
form factors.
A = ‘ X P

(drawings courtesy G. Perdue)

If the nucleon is part of a nucleus, it may be modified, off-
x shell, bound, etc. Also, exclusive states are affected by
interactions of final state hadrons within the nucleus.
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Accelerator oscillation WL e
experiments require beam ” Elitel,Togen,
energies of 0.3-5 GeV

Nuclear response in this region
makes the transition between
inelastic and elastic processes.

 First-principles calculations of the
strongly bound target are
Impossible or unreliable.
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Measurements Y
(Neutrino
scattering or

related
y roesses)

Effective
\Y [oYo[]

- Ilterative process, using data to improve models

- Models are effective theories, ranging from pure
parameterizations of data to microphysical
models with simplifying assumptions.
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yper K)

- Discovery of CP violation in neutrino oscillations requires

seeing distortions of P(v,—v,) as a function of neutrino
and anti-neutrino energy
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v, Spactrum
Mormal Hetsrchy
Beam: 120 Ge¥, TOOKH

5 years of T
sirf(26 ) = 0.1

Evenis /250 MeV

Neutring Energy (GeV) Heutrine Energy (Gel)

- Maximum CP effect is range of red-blue curve

- Backgrounds are significant, vary with energy and are different
between neutrino and anti-neutrino beams

- Pileup of backgrounds at lower energy makes 2"4 maximum only
marginally useful in optimized design

- Spectral information plays a role

- CP effect may show up primarily as a rate decrease in one beam and a
spectral shift in the other
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Example:
Quasi-Elastic Energy Reconstruction
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*. Charged Current Quasi-
Elastic Scattering

- Quasi-elastic reaction allows H
neutrino energy to be
estimated from only
the outgoing lepton: N

(bound) «

2(my, — V)E. + mg — (mp — V)2 —m?

Erec —
v 2(my, —V — Ee + pecosb,)

- This assumes:

- A single target nucleon, motionless in a
potential well (the nucleus)

- Smearing due to the nucleus is typically built
into the cross-section model since it cannot
be removed on an event-by-event basis

When things are too complicated,
sometimes you give up trying!
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. Simple Model of the
Nucleon in a Nucleus

- Our models come from theory tuned to electron scattering

- Generators usually use Fermi Gas model, which takes
into account effect of the mean field.

- Corrections to electron of e +12C—e-
data from isospin ool +X e
effects in neutrino oel '
scattering. ol
- Hmmm... between elastic ..} ./, E Monizetal
peak and pion production o/ g e e s

O

rise looks bad. N
- This approach of quasi-free nucleons  ____ . n
in a mean field neglects processes v P .

iInvolving closely correlated nucleons
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¢ Solution to MiniBooNE

CCQE “Puzzle™?

- From the 12C experiment and calculations, expeot
a cross-section enhancement from correlated

T IS """ T T T 1 1 T 1 T 1
“2 TH = MnBooNE VL L N
Q H —- QE bare V + C
& 10H--- QERPA w, g1t 1 _____-
S [|— QE+np-nhbare S, S
— H— QEtnpnhRPA| [ A= -7

P:]\ 5:_ AG _
<1I1 C () ]
B ol L 1. PRA 81 Q45602.(204M), | . 1

0 o0l 02 03 04 05 06 07 08 09 1 1.1 12
E [GeV]
y

N'_‘ 5 -_ 1 I 1 I 1 I 1 I |]2I 1 I 1 I 1 | 1 | 1 I I

2 Fl—- QEbare =)

@U 4; ---- QERPA Vu_l_ c 7 ==
& 3 =— QE+npnh bare ==

S £| — QL+np-nh RPA

— 2

N E

~ 1 Z (b)

© Al I e R A AT

0 01 02 03 04 05 06 07 08 09 1 1.1 12

9 February 2015

E. [GeV]

Vyn—pp  + Vv, (NP)eorr —HPP

Recent work
Nieves et al.,
Bodek et al.,

arXiv:1106.5374 [hep-ph]
arXiv:1106.0340 [hep-ph]
Amaro, et al., arXiv:1104.5446 [nucl-th]
Antonoy, et al., arXiv:1104.0125

Benhar, et al., arXiv:1103.0987 [nucl-th]
Meucci, et al., Phys. Rev. C83, 064614 (2011)
Ankowski, et al., Phys. Rev. C83, 054616 (2011)
Nieves, et al., Phys. Rev. C83, 045501 (2011)
Amaro, et al., arXiv:1012.4265 [hep-ex]
Alvarez-Ruso, arXiv:1012.3871[nucl-th]
Benhar, arXiv:1012.2032 [nucl-th]

Martinez, et al., Phys. Lett B697, 477 (2011)
Amaro, et al., Phys. Lett B696, 151 (2011)
Martini, et al., Phys. Rev C81, 045502 (2010)
[compilation by G.P. Zeller]

K. McFarland, MINERVA

1



\?"\ Energy Reconstruction:

Quasi-Elastic

- Does it quantitatively matter if we model this effectively (e.qg.,
alter nucleon form factors) or microphysically?

- Inferred neutrino energy changes if target is multinucleon.

6 | true =i S
; IGC Ej c—orven
57 /./ recE,:QE ----
— ok rec E,: Delta ----- g
A rec E,: 2p2h —— |
2 %
2
s 2
1 L . 1 Effect at MiniBooNE calculated by
; SO R . 5% | Lalakulich, Gallmeister, Mosel,1203.2935
0 0.5 1 1.5 2 2.5

ex: Mosel/Lalakulich 1204.2269, Martini et al. 1202.4745,
Lalakulich et al. 1203.2935, Leitner/Mosel PRC81, 064614 (2010)
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et Another Energy
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In inelastic events the hadronic final state can in principle
aid neutrino energy reconstruction

But produced hadrons inside the
nuclear targets interact as they exit |

This typically increases multiplicity of
low energy nucleons
Detector response is unlikely to be uniform for
charged and neutral pions, protons and neutrons
Modeling this is non-trivial and verifying
the knowledge is even more difficult

In part because we lack good data on free
nucleons as a benchmark

Comparing different nuclei may be helpful

.

Knowledge
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The MINERVA Experiment
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Elevation View
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Detector comprised of 120 “modules” stacked along the beam direction
Central region is finely segmented scintillator tracker

~32k plastic scintillator strip channels total
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Wavelength shifting fiber
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“ h EventS In MINERVA Particle leaves the

inner detector,

stops in outer
3 stereo views, X—U —V | shown separately | iron calorimeter

wn - o
§ s /1B 5 E s |
g 7|8 3 g ~
- - = 1
=11 T T T T T 1 |/| T L \l | B S N S B S — — 0= T T T T T T T T
;120 [{—l——— ﬁmo N E120 . L£
> i -~ ° : 2 -60° iy
o i looking down on detector =0 +60 - S 60 ‘Q>:,<' 7
" 80 ik 80 . e
v beam I PR
direction _ ,__#- 60 . I 60
ﬁ il e . B BE | [ e )
40 . _ 40 .:11:"*""# 'y 40
0= B B o e s e | 0 T R S | T T T T T T T T 1
‘: 5d E 5. e 5 gooo B
g i g I color = energy
= — oo i
10 20 30 40 50 60 70 80 90 100 10 o 1o 1004 ’
e ==l Stops in Scintillator, o
- best hadron particle ID |

W 1
Muon leaves the back > 4 6 8 10
of the detector headed Hit Energy (MeV)

toward MINOS

9 February 2015 K. McFarland, MINERVA 18



" Passive Nuclear Targets

Scintillator Modules
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protons
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" Hadron
Monitor

- NuMl is a “conventional” neutrino

beam, with most neutrinos

produced from focused pions

- Implies significant uncertainties in
flux from hadron production and

focusing

- Constrain, where possible, with

hadron production data
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- Datasets

\N]

[ POT delivered by NuMI

._:'_J, 18 —POT recorded by MINERVA
5 "°E Special | alded | Ee | 120 GeV protons
B 14 f i | | ontarget (POT) to
s E MINERVA
. = neutrino (LE):
§ 1 3.9E20 POT
& ofF anti-neutrino (LE):
= 1.0E20 POT
oE +0.9E20 POT with
04— partial detector
0.25—
0_§’
$e

Neutrino beams are hard! NuMI target troubles: some running with damaged targets
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- Like almost all neutrino beams, flux is uncertain by ~10% |

because of hadron production and focusing uncertainties

- MINERVA also has a new technlque In progress.

Precisely predicted
(point-like fermions)

Process is very
rare, 1/2000 of
total cross-

section. But we

measure to ~10%,

so know flux to
same precision!

- Background is y. Reject by

dE/dx at start of “electron” track

- Useful @ FNAL LBNIY:

—
Y
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— ve— ve candidate event

jngery- forward single electron final state §°
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Quasi-Elastic Scattering
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¥. ldentifying Quasi-Elastic
Scattering

- Signature of quasi-elastic Vv
scattering is production of no ¥
mesons, photons or heavy
baryons

- Breakup of nucleus or N
hadron reinteraction may
produce additional protons
and neutrinos in final state.
Allow those as signal.

- Veto events with energy from pions (leading background)

- Strategies: (1) limit calorimetric recoil to be consistent with
nucleons, (2) explicitly identify a leading proton or neutron,
(3) veto on Michel electrons from Tr*
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Non-Vertex Recoil Energy (GeV)

Non-Vertex Recoil Energy (GeV)

*. Recoll Energy Distributions

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2

MINERVA Preliminary ¢ Vv CH — CCQE

QQ
2M

:5

Sideband

i

0 < s ,1 L

F,?{‘\\\‘\\

Reconstructed Q? (GeV?)

R RS
1.5 2

MINERVA Preliminary * v CH — CCQE

Q2

Iy 2M,,

Sideband

Signal

o 05 N

),\1‘\\\‘\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\

Reconstructed Q? (GeV?)

K. McFarland, MINERVA ~ Q&g = —m3 +2E9% (B, — /B2 — m2 cos6,,)

S R
1.5 2

Non-Vertex Recoil Energy (GeV)

Non-Vertex Recoil Energy (GeV)

—_
o N

‘\\\'\\\‘\\\‘\\\‘\\\‘\\\‘\\\

|

0 05 1

\\

MINERVA Preliminary © ¥ CH — CCQE

Sideband

T

|

e
1.5 2

Reconstructed Q? (GeV?)

2F MINERVA Preliminary » v CH — CCQE
1.8
1.6
1.4
1.2F
1=

0'8§ Sideband
0.6=

: S‘ignal

% 0.5 1 15 2

Reconstructed Q? (GeV?)

Estimate of
4-momentum
transfered to

nucleon

28



" Constraint on Background

- Large

«10° Recoil Energy Sideband
2

. . % ] 8i MINERVA Preliminary * v CH — CCQE ‘% 1. 4:_MINER\'A Preliminary ~+- DATA
uncertaintieson ¢ % 8 F rornomaized "v.coae
> .6 o 2| 9.42%e+
> 1 6: . v, CCQE 10 1 2_ 9.42¢+19 POT v, CC RES
baCkg roun d E 1'4? V — Vunon-CCQE g ' v, CC DIS
. w 1'2? M ; other
cross-section s 5
d I g 0'8; Sideband ——— 31 OOf
modaels x OO af
[) k. e N
. 3 : e . Signal : :
> . S 5
o : R L S [ I W ——— )
Compllcated by é 05 1 15 2 % 05 1 15 2
re | nte ra Ct|on Reconstructed Q? (GeV?) Reconstructed Q2_ (GeV?)
—_ > _ o x10°
. . > £ MINERVA Preliminary * v CH — CCQE > [ MINERvVA Preliminary -+ DATA
[4) r 1~
InSIde nUCIeUS g :25 8 [ POT Normalized [ v.CCQE
= > 1.6 . __v,CCoE o - 1.01e+20 POT v, CC RES
F | n a I State % 1.4F V — v, non-CCQE § 0.8 5 v, CCDIS
. S 1.2b M ~
b2 1] o other
Interactions” (FSI) z 1 g
9 o8 >
. . () C Sideband ——> ||
T o6l
- Use high recaoll 5 0%
events to study £ o2 .. : .
§ % o5 1 5 2 % o5 1 s 2
S . . . .
Reconstructed Q? (GeV?) Reconstructed Q2_ (GeV?)

9 February 2015 K. McFarland, MINERVA 29



.
2N

1.8

1.6

1.4

1.2

Ratio to GENIE

0.8

0.6

10 10

®

;

‘Q' do/dQ? Shape
v, CCQE

* data NuWro RFG M =
——— GENIE RFGM,=0.99 ----- NuWro RFG M =
NuWro RFG M ,=0.99 NuWro SF M, =0.

ITTITIIITI

UL L L

1.5<E <10 GeV

Area Normalized
1

Q2 (GeV?)

v, COQE

- Model used by MiniBooNE in oscillation analysis is the
green line (enhance “effective” axial form factor at high Q?)

- Best fit prefers data-drive multi-nucleon model
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Vertex Energy

Microscopic models of multi-nucleon (np-nh) contributions are not
presently available in event generators at NuMI energies

No prediction for the hadron kinematics in these classes of events

In general, multi-nucleon emission is expected in interactions
with correlated nucleons, so this provides another possible

signature
Additional nucleons beyond the expected leading neutron (antineutrino) or
proton (neutrino) and nucleons knocked out from nuclear rescattering (FSI)

So, we look very near the interaction vertex in neutrino and
antineutrino events for excess energy coming from charged
nucleons (protons)

Recall, we purposefully avoided this region when selecting QE candidates
Because we did not want our QE event selection biased by the MC not having these
multi-nucleon events; now we look in the ignored region

Final State Interaction (FSI) uncertainties are very important in this analysis

9 February 2015 K. McFarland, MINERVA 31



Vertex Energy

MINERVA ¢V Tracker —» CCQE

MINERVA e v Tracker - CCQE
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Vertex Energy (MeV) Vertex Energy (MeV)
- A harder spectrum of vertex energy is observed in neutrinos

- All systematics considered, including energy scale errors on charged
hadrons and FSI model uncertainties

- At this point, we make the working assumption that the additional vertex
energy per event in data is due to protons
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Vertex Energy

> 1

- Examine annular rings around the reconstructed vertex

- To 10 cm for antineutrino (T,~120 MeV) E‘mo- r—0—925mm M %
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* \lertex Energy - Neutrinos

0 < Qpr < 0.2 GeV?
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We find that adding an additional low- -
energy proton (KE < 225 MeV) to 50f ©
(25 + 9)% of QE events improves

agreements with data
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* Vlertex Energy - Antineutrinos

0 < Qpp < 0.2 GeV?
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Ratio to GENIE

- Sample includes events where muon
is fully contained and events where SR
only muon angle is well measured

- Muon kinematics of sample are
compatible with y+X(011) sample

- What about proton kinematics?

2.2

2
1.8
1.6
Lid
1.2

0.8
0.6

=)
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m—— NuWro RFG

=== NuWro RFG+TEM

=== NuWro LFG+RPA+Nieves

e B2

Area Normalized

I|III|II|!1II|II||III|III|III|II][I

- Measure Q% , assuming

quasi-elastic kinematics from
the bound nucleon at rest

- A model-independent quantity,
Q?%qe o(T,,,8,), sensitive to final
state interaction model

K. McFarland, MINERVA



- Selected events that had muons and nucleons, but
without pions

- Enhancement at moderate Q?, consistent with other
experiments, does not persist at high Q2
- Consistent with dynamical models of multi-nucleon processes
- Not consistent with “standard” modification of nucleon form factors

- Also see presence of additional energy near vertex in
neutrinos, but not anti-neutrinos

- Consistent with interpretation of leading multi-nucleon correlations
as an “np” state... so pp in neutrinos, but nn in anti-neutrinos

- Exclusive muon+proton measurements suggest that final
state hadrons are incorrectly modeled in GENIE & NuWro

- We can find no model that captures all these features
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Pion Production
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2" Pion Production
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Interact inside nucleus

before emerging

DN,

Solid: true E,
Dash: rec. E, ...~

Survival probability

-/ At 3 GeV:

~50% QE ]

~35% RES + DIS
T absorption

1 2 3 4 5 6 7 8
Neutrino energy (GeV)

Mosel et al: arxiv 1311.7288
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Charged Pion Reconstruction

®

- Key is identification of a track as a pion by energy loss as
a function of range from the vertex

- Confirmed by presence of Michel electron, m—u—e

- Elastic or inelastic scattering in scintillator is a significant
complication of reconstruction
- Study uncertainties by varying pion reactions, constrained by data

1 | m+C-ocreac S
% . Vi CH-op ' X 500 E Allardyce data
1 BHEE. AR " S— 3 S
‘;l ' WM g O.QE—Tﬁ:winan:ﬁr::m B o -' :ler: m:l
M E 0.8; L ) 400 :_ . :
AVI 1| AR — | By - :
" Beam direction s os- _ . «: 0 ]
(NEEE NiEEERgy | E os: Pion tracking 2“‘3§ E
] , L 04F efficiency is reduced 100 F e
AEEEEEEE 03F by secondary P S .
X-VIeW 0.2 interactions 0 500 1000 15223 [hég]ﬂﬂ
(plan view) o.1;— | | | | | ay
D-IS 6 é 1|0 1|5 2|0 215 SIO 315 410 4|5 56 5|5 E[U 615 YID 7% EJG 85 95 95 160 165 11|0 1 00 1 2 3 4 5

n* Momentum (GeV/c)
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o Signal and Background

- Pion kinetic energy distributions with background
prediction (untuned)
- Green and blue are high W backgrounds
- Pink (proton) and purple are non-pion events

3 v, Tracker — p” In* X (W < 1.4 GeV)

x10 v, Tracker — " 1n* X (W < 1.4 GeV) Background Prediction
% B Pozgggzrgg“cﬁed —+— Data > ~ POT Normalized B Other Particle
= L : E= Monte Carlo Q B 2.99e+20 POT B Proton
1.2~ - = 250 CCv, Multixt
g B MC Background 0 B E e I*llu o
— 1 I 2 B m wg > 1.4 GeV
® - " 200 [ Not CC v,
.3 - "CI_‘.: B [ Outside F.V.
© 0.8 © B
o T 150
2056 2
@ % 100
Q &)
0.4
50
0.2
\\\\\\\\ \\\\h\\m\m\\\\

% 100 150 200 250 300

Reconstructed n* Kinetic Energy (MeV)
K. McFarland, MINERVA
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& Neutral Pion Reconstruction

- Reaction is 7, + CH — p*7°X 120
Ly

L00

- Reconstruction strategy is to find :Zf

muon and “detached” vertices

A0t sl |

- Photons shower slowly in plastic, so
they look like “fat tracks” .

- Backgrounds can be constrained

O O N T .. HitEnergy (MeV)

v, Tracker — w*n®X (X has no mesons)

140

- MINERVA
with pion mass - 4 oua
— 1.068e+20 POT
160 v, Tracker — n*®X (X has no mesons) Q - D Signal
[ MinErva > o
I POT norma lized + Data [} 109_ - Tuned Bkgd
P 140[—  1.0ee+20 POT o B
< = Signal [{=]
o 1200 D g 8
— Oth o
2L 100 [ e = 60
= -~
= — - 1n? background w .
= 80 =1
- — - 0n® background g:, 40_
o 60— > =
-l -
= - w 2
S 40
08 10 12 14

- . .. - . .. e .. .. = = O p“n ( GeV, fC)

m,, (MeV/c?)
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11t Kinematics

(Flux integrated)

0_42 vy Tracker — l.l- 1t X (W <14 GQV)

x1 0_42 v, Tracker — " 1" X (W < 1.4 GeV)
22—

80X1

40
30

10

= ¢ data B + data
20 - —— GENIE 2.6.2 hAFSI - —— GENIE 2.6.2 hA FSI
I GENIE 2.6.2 No FSI 70 — eeees GENIE 2.6.2 No FSI
1 8 - Neut 5.3.1 (CH) B Neut 5.3.1 (CH)
~ NuWro (CH) [~ NuWro (CH)
1 6 - —— Athar (CH) 60_— —— Athar (CH)
14 50}
12f -

20}

N A~ M

10

IIJllIJJlIIJlllJJlIJJlIIJllIJJlIIJlIIJ I
50 100 150 200 250 300 350 400 00 20 40 60 80 100120140160180

n* Kinetic Energy (MeV) n* Angle wrt Beam (deg)

Overall rate varies because knowledge from “free
nucleon” targets (mostly weakly bound D,) is unclear

But see C. Wilkinson, P. Rodrigues et al,
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Uncertalntles and “Shape”

do/dT, Data: v, Tracker — p” 1n* X (W < 1.4 GeV) do/dT, Data: v, Tracker — p” 1n* X (W < 1.4 GeV)
0.4 0.4r
"E" - Total Error e Statistical "E" r Shape Er%%iil%pt!zr --------- Statistical
'a 0.35 :— Angle & Vertex Detector Model 'a 0.35 :— Angle & Vertex Detector Model
t I~ Energy Response Flux t I~ Energy Response Flux
Q 03 Interaction Model Michel Q 03 Interaction Model Michel
g L Normalization —— Other g L Normalization —— Other
> 0.25F = 0.25
S oo T f
c 0.2 c 0.2
2 I — 2 -
© 015 © 0.15[
© - © B
o odf o 0.1E
'k |_I | :
i 1 — -
0.05 — [E | L 005 3
= I I |
n f i . | | | [ | I : ra—— | @
%0 100 150 200 250 300 %0 100 150 200 250 300
n* Kinetic Energy (MeV) n* Kinetic Energy (MeV)
Shape only

Flux uncertainties and (preliminary) uncertainty from
extrapolation to high muon angle (high Q?) both become

insignificant in pion kinetic energy and angle shape distributions
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do/dT, (cm*MeV/nucleon)

. 117 Shape and Final State
Interactions

1042 v, Tracker — u” 1" X (W < 1.4 GeV) 1042 v, Tracker — u” 1" X (W < 1.4 GeV)
18% - —~  60% _
™ Area Normalized * data c Area Normalized * data
B —— GENIE2.6.2hAFSI B —— GENIE 2.6.2 hAFSI
LS S — GENIE 2.6.2 No FSI 8 - GENIE 2.6.2 No FSI
B —— Neut5.3.1 (CH) — 501 Neut 5.3.1 (CH)
14 NuWro (CH) Q - NuWro (CH)
- —— Athar (CH) E i —— Athar (CH)
12| ® 40F
10} % -
. F AT % 30
6 - S 20 _— g1/
4y - i
- g 100
2 [ —
5 o)
O N I L L L L I L L 1 L ] L L L L l L L L L I L L L L I U 0 B L 1 L l L L L I L L L l L L L I L L L I L L 1 ] L L L ] L L L
50 100 150 200 250 300 0 20 40 60 80 100 120 140 160

n* Kinetic Energy (MeV) nt Angle wrt Beam (deg)

- Conclusion: NuWro, Neut, and GENIE all predict the data shape

well

- Conclusion: Data insensitive to the differences in pion absorption

shape between GENIE, NuWro, and Neut

- Conclusion: Athar, the sole theoretical calculation, does not agree

with data. Likely due to an insufficient FSI model
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¥ Separating Final State
Reactions

- Some ability of this data with different final states to probe
different reactions of pions within the nucleus

- Both datsets would prefer a higher fraction of inelastic
interactions of pions than current in GENIE generator

v, Tracker — pu*1n°X (X has no mesons)

o2 Vm Tracker — p 1= X (W < 1.4 GeV) 40

1

§ :_ Shape Ermors Only —+— Data § E if::ﬁme alized —+— Data
@ 16F I = Final State r 35F 5 01e.20 POT
ﬁ - [ | ZEI‘D_—I( — :T"; 0 E Hier Multi-t — n°
= 14 Fr== E"EIE;TE:}H < 30F -
o 12: I Inelastic g E @R - 70
'_§ - } {, riiititi] - ﬁll:?r?—tllﬁteracting Q@ 25 — } . 70 Inelastic
< 10 N () o
—" B : I i
e E 20 - ] mﬂm 7 Elastic
5 t 5E [EI n° Non-interacting
s © o - {
af L 9
of = 5k
0 ; T -ﬁr _g| Q_%‘ = ity it AT I : T
50 100 150 200 250 300 350 OB 00 02 04 06 08 10 12 14 16
Pion Kinetic Energy (MeV) P, (GeV/c)
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- 1 comparison to MiniBooNE

1042 v, Tracker — p" 1n* X (W < 1.4 GeV)
E 22 __ —+— Data L T 1T T 1T T 17T T 1T T 17T T 1T | ¢ Mln]BGONE datﬂ
g 20 - GENIE No Fsi 14— GENIE 2.6 noFSI
S 18 —_ - —— GENIE 2.6 hA FSI
-;. 16 > 12 =
O 14F § B ]
S & 10 ]
€ 1of ! g - -
5 i: S 6: ]
- — —
'8 2 =’ Data-GENIE 7%/ndf = 18.13/6 = 3.02 B - N
- Data-NoFSl y%ndf=93.32/6 = 15.55 E‘ - _|
o) PSR P S I I I P e =] 4 _
0 50 100 150 200 250 300 350 400 E -
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E 18_ i i Er;c-)grgsa?zrslg,;g\:C s —+—Data Covvv bovv e by b b e b v b g by g7
ks 161 " GENIE No FS1 % 750 100 150 200 250 300 350 400
S 14f : Pion KE [MeV]
> 12k T
Q - . T
= o oy - Even with ~10% flux uncertainties from
IR 5 i = T both experiments, there is ~20 tension
T P between MINERVA and MiniBooNE
D 4 Sy, :
'8 2 _T‘é.;.}ata-GENIE ¥¥ndf = 8.23/5 = 1.65 e S h a pe te n S I O n a I SO
Data-NoFSI x%ndf = 154.61/5 = 30.92

056700 150 200 280 300 3o 400 » Note, MINERVA 1+ and 1% are similar
n* Kinetic Energy (MeV)
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¥ Can Current Models

P Resolve this Tension?
: Interesting study by Sobczyk and Zmuda (arXiV:1410.7788)

asks if uncertainties in final state “cascade” models and pion
production to explain MiniBooNE-MINERVA difference

- Their conclusion: it cannot. Theory uncertainties on the ratio are

very small.

- Uncertainties in bins
are highly correlated,

SO maybe explains - -
high energy part%
1 L

- And maybe low
energy is a statistical
fluctuation?

9 February 2015

MINERVvA/MiniBooNE ratio

do/dT,

3L

o

\

experimental ——
NuWro --———

o

50

100 150 200 250 300 350
T, (MeV)
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Coherent (!) Pion Production
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- Despite small binding energy of nucleus
(few-10s MeV), a pion can be created
from the off-shell W boson and leave the
nucleus in its ground state

- Reaction has small 4-momentum
E, = E,u + Ex /\

transfer, t, to nucleus
Q* =2E,(E, — P,cosfl,) — mﬂ

- Can reconstruct |t|

i t| = -Q° —2(E2 Eyprcosty — puprcost .
from final state 1= =Q" = 2Er + Euprcoshe = Puprcoshir) + 1
o VutA—=uw+T +A

| MINER.A Preliminary

—
]

- Reconstruction of |t| gives a model- e o
independent separation of coherent T R

048

signal and background
- Tune background at high [t
- Measure signal o2if |

B Eis i o e e
5 01020304050607 0800 1
9 February 2015 K. McFarland, MINERVA Reconstructed Itl = (q-p ? (GeV/ici 50

0sf

Events/ 0.025 (GeV/c)®

04f ]

T rrreWer chem—




- Measure in both neutrinos and
anti-neutrinos (signal cross-
section should be the same)

- Models differ in treatment

one input (pion-nucleus elastic
scattering cross-section) and in

treatment of mass effects

- Neither NEUT nor GENIE
generators do well

- This is an important reaction for

low energy oscillation
experiments like T2K and

9 February 2015
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Nuclear Target Ratios
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Charged Lepton Data

| Physics Letters B123,
Charged |ept0n data ShOW Issues 3—4, 31 March 1983, Pages 275-278

structure function F, effectively Abstract:
changes when nucleon bound in “Using the data on deep inelastic muon
nucleus scattering on iron and deuterium the ratio of
the nucleon structure functions F,(Fe)/F, (D)
. is presented.
LT . EMC Fermi niokio The observed x-dependence of this ratio
T * NMC P . is in disagreement with existing
¢ - BISG S8R : theoretical predictions. *

E665 >

u/e — Ca Ratio

... and after much experimental and
theoretical effort to explain this ...

CERN COURIER

Apr 26, 2013
The EMC effect still puzzles after 30 years

0.
Shadowiu{ EMC effect
00 001 /O 01 x 0.1 | 1 Thirty years ago, high-energy muons at CERN revealed the first
- sea quhrk \.’alence quark hints of an effect that puzzles experimentalists and theorists
alike to this day.
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Fy(,Q*) =2 Y [zq(z.Q%) + zq(z.Q?)]

g=u.d....

2y __ 2 — 2
tFy(2,Q*) =2 ) [wq(.Q%) — 2q(x,Q")]  sum of valence quark momentum
qg=u.d,...

Sum of all quark and antiquark momentum

1+ 4M?2?/Q?
1+ Rp(x,Q?)
How much do they contribute to the neutrino DIS cross section?

1
0.9 X =.2 0_; | X=6|

0.8 0.8
0.7

0siF, =1.23

20 F) (x,Q%) = Fy(x,Q?)

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0~

I[\III‘III\|II\I|I T

F, =069 ———u—

xF,

0.4
0.3
0.2
0.1

) ==

Fraction of ¢ from this term
Fraction of ¢ from this term

III|I\I |HII‘III\

0.1 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
Bjorken y Bjorken y

*Calculated for neutrino-neutron at Q2=1 GeV?, E, = 4 GeV
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9 February 2015

data exists!

Compromise approach is to
compare a theoretical calculation
of free nucleon F, to, e.g., NuTeV
(v-Fe) data, and fit. Compared to
fits to charged lepton data.

* No comparable neutrino

o @Eammoed i L

L1+ + + i

1.0+ -

o5t NCTEQ = VA 4P
% . nCTEQ-PFA | | | {iiii

0.8+ ‘ , ) ’ S
J.G.Morfln, J Nieves, and J.T. Sobczyk P
Advances in High Energy Physics, vol.

0.7 2012, Article 1D 934597 a
0.01 o1 3

X

K. McFarland, MINERVA

Most dynamical explanations
for “EMC effect” will give a
different answer for neutrinos

- Neutrinos sensitive to structure

function xF4
- (Charged leptons are not)

- Gives neutrinos ability to separate
valence and sea

- Neutrinos sensitive to axial piece of

structure function F,
- (Charged leptons are not)
- Axial effect larger at low x, low Q2
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: MINERVA's Targets:
Multi-track Pb Candidate

BN X view ARNNRNNSNNANNARNRRNNNIN | EEENESE 9
-y = » i N -
sh———1 5 Bl 38 S N ) e 1 S S ) |
BN s o:scsii— i |
60_ ! ! ! : I ! ! ! 5
g @_ | Muonin MINOS Limits | |
Eor | Signal Kinematics | |
:30_ . — — . . . . . . . . . . . . s | 3
<. 2 < Neutrino Energy < 20 GeV il aall &
S CCV“_. |- 0<MuonAngle <17 degrees | SNENEREEEN |
’ -L;ﬂlzll:.éé1lﬂ1l2 1I4 1|('5 'IIEZIUQI22|42|52I8SI[]3[23I43IE3|34IU4I24I44I1'54|BSJUSIZ5!1ElElElBElﬂB!EELE-IEEtlﬂ?lﬂ7|2Tld?lﬁirlﬂalﬂﬁl2ﬂldglﬁﬁlﬁglﬂgl29|4 QIE9%1&01621!'}41[.!#51631‘:01':21‘:4

Module Number——
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. MINERVA's Targets:
One-track C Candidate

- One track candidates may
originate from passive target or .
from downstream scintillator

- Source of background

T T L ﬂ
X View ~ , 10
,_.-,.—s“" 9
90 HRN . aah 8
F—_"(.l‘.‘b—
,,__.-—f?“""
70 a
b=
80
e 5
O =0
o)
E 40+ - 4
S 3
Z 3
o ( :V
-: I ‘2
=R Ml N D’ ' /100
v, 4
T

| L) 11 T LU 17T L UL LI LU | I [ [
6-4-20246 8 10 12 14 4 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98100102104106108110112114

Module Number
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- Assume that single-track events downstream
of passive target are from target —> .

%1 03 True Event Origins - Reconstructed Vertex Z
% " ; I_EI_agc;zsunch Area-Normalized + 2::?“,“ <
g - | [ Iron |
= 1zr . [ Lead Use events in the tracker
2 0L ____ Scintillator | modules to predict and
-~ - | subtract the plastic
> - || |
b 8: background

- . ¥ I | | >

0450 500 550 600 650 700 750 800 850 k
Adjusted Vertex Z (cm) T~

9 February 2015 K. McFarland, MINERVA
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*. Predicting Scintillator
p Background

p

1. Find an eventin
7 scintillator of tracker
= 2. Move to a passive
nuclear target

3. Use simulation to predict
probability of track(s) being
obscured by recoil shower

4. Evaluate uncertainties by
comparing simulation
procedure (and variants)
against true event

_‘_‘_;
9 o 8 = w 2 3 B
@2 3 2828 383 3 B
| | I
er _4
o’ 1

EzStrip Num

IVIodtrIe Number——>

||||||||||||||||||||||||||||||||||||||||||||||||||
5555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555
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£="" Result of Subtraction

Comparison of All Targets, x=[0.0,0.7]

5 A ®Data OMC

. |\/|u|t|p|e iron @ 1 .3FStat Errors Only = . .
and Iead % 1l2—_Normalized to Scintillator Isoscalar Corrected
targets gg 1

-Cancompare g R o ¥o -
consistency © I 0 R
among these 0'82_

- Well within 0'75 N
statistical feo o e e o
uncertainties TR NN - N R

Target Section
Isoscalar correction — remove effect of neutron excess.

_Zop+(A—Z)on2  Calculated with GENIE 2.6.2
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Target Ratio Technique:
MINERVA's Advantage

Uncertainties on ¢™

Errors on Ratio of ¢ ; gt

F - [— Total Error -+ Statistical | | 2 014 — TotalError . .- Statistical ~ —t
£ 025 |=Flux — Detector Res. L. = [ s Flux — Datector Res. |
U - |— FSI Models — MC Stat. U - — FSI Models — MC Stat. '
™ [ |—— Normalization —— Scint. BG + 012~ — Normalization — Scint. BG =~~~y
8 0 2___XSQCM0dEIS ____________________________________________________ bl B _ XSec:Model:s
P <k 5 ' ' g OA— SRR OSSR NSRRI NS A N
=) — S =
E 0 15 | e—————————— E 008 T O S SO SR SRS SN URRO SERRRRRE SRR
c i c
.9 [ | ="K _ 1 .9
- - —
O L 1 ] ] s s S R M T
o [ | 18
LL [ I
0.05| R T B A S I
= i '
Oﬁ:ff'..|...|...|...|...|...i...i... ‘——}0 | ' i i i i |
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20

Neutrino Energy (GeV) Neutrino Energy (GeV)

Uncertainties on Ratio
of Cross Sections

Uncertainties on Absolute
Cross Section
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4 # \ .

3 ’ h
L —4 E\ ;\| \\, "
e :

& Low x Region

- At x=[0,0.1], we observe a
deficit that increases with the
size of the nucleus

- Data show effects not modeled
In simulation

/ Expected Neutrino Differences

Neutrinos sensitive to
structure function xF,

Neutrinos sensitive to
axial piece of structure

\_ function F, -

9 February 2015 K. McFarland, MINERVA
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1.4 Isoscalar Corrected

1.6
1.5

0.6F———
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3 doCdx
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f do° . do®

Ratio o dx © dx
Yoo ey
- = Monte Carlo |
~ I Isoscalar Corrected
121 {'

T S— |
S
. At X=[O7,1 1], we Observe a 2'25_
excess that grows with the size of Ratio of 9 40%"
the nucleus Y pof P mEeam o
- This effect is also not observed in s doferdx
simulation | |
- But is due to not understanding o
physics of elastic processes, or PR a——
l I ? -c"'- . g_ ..lsosiii.?:rizl.d.. "'""' Montecarla
that of inelastic processes s I - dofPdx
0‘605‘ —9z 04 06 08 1

Reconstructed x
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¥, Surprises in Nuclear

Effects?
- Interesting recent idea is that o 4o
EMC effect in heavy nuclei | Fe/CH

=T + Neutrino
Antineutring

(suppression of cross-section on

nuclei at moderate x) in electron
scattering may also imply charge = ‘s
symmetry violating dynamics in g
non-isoscalar nuclei s
- Predicts a much stronger “EMC” s+ Pb/CH R
effect in neutrinos
- Right now, one assumes same I |
; . I. C. Cloet, W. Bentz and A. W. Thomas, .

effect in neutrinos and electrons Phys. Rev. Lett. 109, 182301

6 February 2015 NIWG Conveners Report
64
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f#= Nuclear Target Ratios

- MINERVA observes behavior not found in
“standard” interaction generators

- There initial results are interesting, but also
difficult to compare to physics of EMC effect
because high x effects, at least, may be in elastic
or nearly elastic events e ates TR oo

-New running in NOvVA ]
beam tune will help - i
kinematic reach and & '
statistics and will add ¥
anti-neutrinos

Q%(GeV?)

‘e BN 1 1 =k = %
9 February 2015 K. McFarland, MINERVA 10° Bjorken N 65
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f#= Nuclear Target Ratios

f MINERVA observes behavior not found in
“standard” interaction generators

There initial results are interesting, but also
difficult to compare to physics of EMC effect
because high x effects, at least, may be in elastic
or nearly elastic events _ e e e

New running in NOVA |
beam tune will help
kinematic reach and ¢ '«
statistics and will add =~ 43
anti-neutrinos

Q%(GeV?)

" :l-."l -:- - I! = T 1 .-1 - == -0 = = I 1 1 1 1 1 .
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Conclusions and Outlook
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- By summer, we expect E_ o
+ V /v, ratio of CCQE %E oo} Ve CCQE
- Kaon production results (one interestis x|
atmospheric neutrino kaon production  ~ gzzo;"b'z"é'4'b'é'b'é"'1"i'z"i'&'i':‘s'i'é"z
as a background to p—K*v) @ (Gev)
- Flux uncertainty — 6-7% (ve — ve) D us _
- In current (NOVA era) beam, we are Vi o »%‘(,WE;*TL“*
collecting high statistics neutrinos and | e KL
anti-neutrinos. Most beneficial for S
nuclear target ratios and DIS studies. “;
- Results should continue to improve :

model descriptions used by both theory
and oscillation experiments

10 20 30 40 50 60 70 80

9 February 2015 K. McFarland, MINERVA Track sliver time gap (ns) (8



MINERVA invites
you to continue
to enjoy Neutrino
Interactions!



N
i

MINERVA References

- MINERVA neutrino detector response measured with test beam data.
arXiv:1501.06431 [physics.ins-det]].

- Measurement of muon plus proton final states in $\nu_{\mu}$ Interactions on
Hydrocarbon at $< E_{\nu} >$ = 4.2 GeV. arXiv:1409.4497 [hep-eX].

- Measurement of Coherent Production of $\pi*\pm$ in Neutrino and Antineutrino Beams
on Carbon from $E_\nu$ of $1.5% to $20% GeV. Phys.Rev.Lett. 113 (2014) 26, 261802.

- Charged Pion Production in $\nu_\mu$ Interactions on Hydrocarbon at $\langle
E_{\nul\rangle$= 4.0 GeV. arXiv:1406.6415 [hep-eX].

- Measurement of Ratios of $\nu_{\mu}$ Charged-Current Cross Sections on C, Fe, and
Pb to CH at Neutrino Energies 2-20 GeV. Phys.Rev.Lett. 112 (2014) 23, 231801.

- Design, Calibration, and Performance of the MINERVA Detector. Nucl.Instrum.Meth.
A743 (2014) 130-159.

- Measurement of Muon Neutrino Quasielastic Scattering on a Hydrocarbon Target at
E~3.5 GeV. Phys.Rev.Lett. 111 (2013) 2, 022502.

- Measurement of Muon Antineutrino Quasielastic Scattering on a Hydrocarbon Target at
E~3.5 GeV. Phys.Rev.Lett. 111 (2013) 2, 022501.

- The MINERVA Data Acquisition System and Infrastructure. Nucl.Instrum.Meth. A694
(2012) 179-192.

- Arachne: web-based event viewer for MINERVA. Nucl.Instrum.Meth. 676 (2012) 44-49.

9 February 2015 K. McFarland, MINERVA 70



