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What do we observe in our detectors?
Further implications for Oscillation Experiments

¢ € evenis we O0SCrve 11 our dcleClors arc convoluuons ol
Yc—like (E) o (I)(E’ = E) @ Oﬁc,d,e..(E’ = E) ® Nucc,d,e..%c (E, - E)

Could certainly use Brasilian Nuclear Theorists here!!
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What do we observe 1in our detectors?
Further implications for Oscillation Experiments

L 2 € Events we oDServe 11 our deteCtors arc convolutions ofl.

Yc—like (E) o (I)(E’ = E) @ Gc,d,e..(E’ = E) @ NuCc,d,e..%c (@

v —— effective 0 A(E)

¢ Experimentally, the convolution of initial cross section and nuclear effects are
combined into an effective cross section 0,*(E) that depends on incoming
neutrino energy spectrum and nuclear effects that populate the yield Y ~(E).

+ This implies, for example, effective 0, ,¢ (1 GeV) measured in the Booster beam
will be different than the same effective o_,© (1 GeV) observed in the higher
energy NuMI beam due to, for example, more feed down from multi-p1 events.
Can not simply plug in effective o_,* from experiments in a different beam.

¢ In a two-detector LBL oscillation experiment, neutrino flux entering the FD is
different than the neutrino flux at the ND due to geometry and oscillations. The
0. (E) effective that should be applied to expectations (Monte Carlo) at FD is
NOT the same as that which we would measure at the ND. However, the ND
results give us an excellent starting point for calculating the difference.

Jorge G. Morfin - Fermilab



The Danger of Depending on Near and Far
Detectors to Cancel Systematic Effects!.

Number: N, Events N,=a .« N, . Ratio(2/1)

Function of
Flux, X-sec,
efficiencies.
*cancels for
identical
detectors
and fluxes*

Flux

Detector 1 Detector 2

¢ We use a detector near to the beam to measure the number and energy spectra
of the produced neutrinos. Then we predict how many we should see in a far
detector based on what we measured and the divergence of the beam.

¢ Due to geometry and oscillations, the neutrino spectra at the far detector is
(considerably) different than at the near detector.

¢ Therefore the convolution of energy-dependent flux, energy-dependent cross

sections and energy-dependent nuclear effects will be different at near and far
detectors. SYSTEMATIC EFFECTS DO NOT SIMPLY CANCEL! 5



Nucleon-nucleon Correlations

¢ Electron scattering

v Fit to electron data described by
Arie Bodek talk coming up next.
About a 20% effect. Only vector

current contribution!

€ P

Incident
electron

Correlated partner
proton or neutron

o

Scattered
electron

Knocked-out
proton

¢ Neutrino Scattering

¢ J. Nieves et al. — the serious
problem of miscalculating E,
when using QE hypothesis.
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Nuclear Effects Masking the
Initial Production State and, most likely, the

Incoming Neutrino Energy
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Consider the example of Delta
production at left.

Delta scatters before it decays

Pion from Delta decay is
absorbed releasing two neurons
that may/may-not be detected

Proton from delta decay scatters
and comes out of the nucleus.

Final state observed is u + p that
makes this a fine candidate for
QE production. We’ve probably

also lost measurable energy.
7



Cross Sections and Nuclear Effects: a Significant Sources of

Uncertainty for Oscillation Parameter Measurements.
Particularly for Future High-statistics Studies

Systematic uncertainties on
T2K v ,-disappearance analysis.

TABLE II. Systematic uncertainties on the predicted number
of SK selected events without oscillations and for oscillations
with sin®(2623) = 1.0 and |Am3,| = 2.4 x 107% eVZ.

Source OINGEINGE ONGEINGE
(%, no osc) (%, w1th Osc)
SK CCQE efficiency +3.4 +3.4
SK CC non-QE efficiency +3.3 +6.5
SK NC efficiency +2.0 +7.2
ND280 efficiency +5.5-5.3 +5.5-5.3
ND280 event rate +2.6 +2.6
Flux normalization (SK/ND280) +7.3 +4.8
CQE cross section +4.1 +2.5
CCln/CCQE cross section +2.2-19 +0.4 -0.5
er CC/CCQE cross section  +5.3-4.7  +4.1-3.6
NC/CCQE cross section +0.8 +0.9
@" inal-state interactions +3.2 +5.9 ]
Total +13.3 -13.0 +15.0-14.8

arXiv:1201.1386 [hep-ex]




Review of Status of Cross Sections with
Emphasis on Nuclear Effects
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Review of Status of Cross Sections with Emphasis on Nuclear Effects
DIS (MINERVA in the ME beam will revive this study)

¢ nCTEQ study indicating that the x-dependent nuclear effects for neutrino could
be different than those of e/u interactions. One expt., one A - need MINERVA!

¢ Latest work by Athar, Haider, Simo and Vicente Vacas looking theoretically at

this effect. Ratio of Pb/A for F, and xF; predicted. ‘ |
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Review of Status of Cross Sections with Emphasis on Nuclear Effects

Meson Production

¢ Meson Production —

v MINERvVA Coherent and Resonant pion
production: see Joel Mousseau’s talk this
session.

v NOMAD NC coherent p? production. FIRST
observation of p’ production (611 = 110 = 95
events. Rate with respect to CC is (4.41 +

1.0) x 104. No Nuclear Effects Allowed!
Hongyue Duyang NuFact13

v NOMAD CC coherent p* production. Large
sample of 4319 + 307 £ 168. Rate with
respect to CC events (3.00 = .24) x 10-.
coherent p° / p* = 0.147 = 0.036 consistent
with CVC plus VMD. Xinchun Tian - NuFact13

Jorge G. Morfin - WIN 2013 - Natal, Brasi
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Review of Status of Cross Sections with Emphasis on Nuclear Effects
Meson Production — Theory vs Measurement

¢ Hernandez, Nieves & Vicente Vacas — MiniBooNE Pion Production
Curve with NO FINAL STATE INTERACTIONS FITS BEST!

Incoherent pion production in nuclei. CC Results
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Review of Status of Cross Sections with Emphasis on Nuclear Effects

Charged Current Quasi Elastic Scattering
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Review of Status of Cross Sections with Emphasis on Nuclear Effects
Latest MiniBooNE Results PrD 88, 032001 (2013))

¢ First Measurement of the Muon Antineutrino Double-Differential

Charged-Current QE Cross Section.

Gi(A-Z1[10 " ‘.mul

v “Itis clear () that the RFG model assuming M, ~ 1 GeV does not adequately
describe these data in shape or in normalization.”

v

“Consistent with other recent CCQE measurements on nuclear material, a
significant enhancement in the normalization that grows with decreasing muon
scattering angle is observed compared to the expectation with M ,=1.0 GeV.”

E, results described by adding = 20%
scattering off nucleon pairs in nucleus
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Review of Status of Cross Sections with Emphasis on Nuclear Effects

MINOS (Nick Graf — NuFact13)

MINOS observes an deficit of low Q? RES events compared to our MC and has developed
a data driven re-weighting function to better describe this region.

MINOS reports results for an effective axial vector mass for quasi-elastic interactions on
iron in the range 1 < E, < 8 GeV with 189, 000 candidates..

QE RES
M, (GeV) Eu Scale M, ™ (GeV)
Principal: 0 < Q*< 1.2 1.21 +0.18 | 0.996 +0.007 | 1.10 +0.15
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Review of Status of Cross Sections with Emphasis on Nuclear Effects

v cross section/E, (1 0% cn2 / GeV)

T2K (D. Hadley, NuFact13)

Measurement of the CCQE Cross Section Based on 2.7 x 1020 POT
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A x? test comparing the fitted result with the nominal NEUT model,
with MSE = 1.2GeV, gives a p-value of 17% indicating agreement
between the data and the cross section model.

Jorge G. Morfin - WIN 2013 - Natal, Brasil 16



Review of Status of Cross Sections with Emphasis on Nuclear Effects

NOvVA — NDOS (J. Paley-NuFactl3)

Measurement of Vi CC QE Cross-Section in NDOS Partially instrumented surface prototype detector:

. . » 106 mrad off-axis from NuMI beam
|
(Minerba Betancourt, first NOvA Ph.D.!) » collected 1 7x102 POT

» sensitive to kaon production off target
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Distributions are unfolded (reco — true), efficiency corrections applied. MC
distributions above are normalized to Data.
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The MINERVA CCQE Analysis

MINOS ND serves as

slides based on D. Schmitz — NuFact13

muon spectrometer™\
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calorimetry. Finely segmented tracking (~32k channels) with nuclear targets
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Charged-current quasi-elastic scattering M.y
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Charged-current quasi-elastic scattering analysis

Strip number P~
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15 Emphasis on the Shape 3
1.4F 1.4F ﬂ
w 13 1.3 /_,l,
Z 1.2F 1.2F
L - =
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(o] = T 1| Er¥y T/ e
s 0.9 %
o
0.8 L
0.7 1.5<E, <10 GeV 1.5<E, <10 GeV
' Area Normalized Area Normalized
%05 1 15 1 15 2
2 2 2 2
Q2_ (GeV?) Q2 (GeV?)
GENIE independent nucleons in a mean field (M, = 0.99 GeV)
M, =1.35 GeV best fit to MiniBooNE data
Spectral Function improved nucleon momentum-energy relation
TEM empirical model based on electron scattering data to

account for nucleon-nucleon correlations. A, Bodek next talk.
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¢ 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 L0 PrOTORS, ¢ WIN 2013 - Natal, Brasil
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Vertex Energy

¢ Examine annular rings around the reconstructed vertex
v Out to 10 cm for antineutrino (~120 MeV proton)
v Out to 30 cm for neutrino (~225 MeV proton)

p

........
- -
" b

High-energy through-going proton deposits
_______ smaller amount of energy in yellow region —
_ / most energy is farther away from vertex

.....
- ~
.= ~

Low-energy proton Bragg peak is in yellow
region — higher energy deposit

Note: to add visible energy to an inner annulus you must add a charged hadron,
not just increase energy of an existing one

Jorge G. Morfin - WIN 2013 - Natal, Brasil 24



Vertex Energy

Fraction of CCQE events

MINERvVA ¢ v Tracker — CCQE

. V Sum of bins: 0.25 = 0.01+ 0.09
0.2_ ................ /1’ .........................................................................................................................
1
- i
O_ ...................................................................................................................................................
0.5 50 100 150 200

Proton Kinetic Energy (MeV)

The fit wants to add an additional
low-energy proton (KE < 225 MeV)
to (25 £ 9)% of QE events to

improve agreements with data

Fraction of CCQE events

MINERvVA ¢ v Tracker — CCQE
Sum of bins: -0.10 = 0.01+ 0.07

0_2:_ 44444 U}u 444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444

0% 50 100 150

Proton Kinetic Energy (MeV)

No such additional proton is required
for antineutrinos. Slight reduction if
anything. (-10 = 7)% of QE events

Jorge G. Morfin - WIN 2013 - Natal, Brasil 75



Where are we!?
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Future Neutrino-Nucleus Scattering Experiments

¢ LAr TPC’s: (ArgoNeuT) Liquid argon time projection chambers offer an
opportunity for a detailed study of neutrino-nucleus scattering

¢ ArgoNeuT detector exposed to NuMI beam
v 0.085¢20 POT neutrino mode

v 1.2e20 POT antineutrino mode

0 50 100 150 200

500

0 50 100 150 200

R — ‘—— S
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Future Precision v-Nucleus Scattering Experiments
nuSTORM - Neutrinos from Stored Muons

High-Precision v interaction physics program.
v, and 'V, cross-section measurements.

Address the large Am? oscillation regime, make a major contribution
to the study of sterile neutrinos.

100 kW
: . : Taraet
Either allow for precision study (in many Neutring Beam MionDecayiRing argote@_
channels), if they exist in this regime. ;f:'; _,:3
Or greatly expand the dis-allowed region. G com———— |

Provide a technology test demonstration ( u decay ring) and u beam
diagnostics test bed.

Provide a precisely understood v beam for detector studies.

Jorge G. Morfin - Fermilab 78
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Wt 2V, +v, +et

The nuSTORM Neutrino Beam

W 2V, +V,+e

¢ nuSTORM will provide a very well-known (8 ¢(E) =1%)
beam of v and V.

¢ NnuSTORM will

Number of Events / 0.30 GeV

30 GeV

Number of Events / 0

3.8 GeV u* stored, 175m straight, flux at 50m

provide a high-intensity
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event rates per 1E21 POT -

Jorge G. Morfin - Fermilab
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Practicality of nuSTORM Neutrino Spectrum

%1012 (neutrino flux, not O,-weighted)
£ 500
5 >
2400
o
E
5300 vSTORM
; (v, flux)
=
3200
> LBNE
100
’
- A PR BPEPET VI PR .
0= 2 3 4 5 6
E, (GeV)

JOIge U. v10ril - rerido 30



Scattering Measurements with nuSTORM + Near Detector

nuSTORM provides a well-known (0 ¢(E) = 1%) beam of v and V.
Ed Santos — Imperial College

HIRESMv - systematics

-38 2
V, Occqe (1077 cm?/nucleon)
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o
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- -38 2
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o
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L] '
e Ij HiResMv @ 10% unc. flux

0
0

05 1 15 2 25 3 35 4 45 5
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Forming a separate nuSTORM Neutrino Scattering Collaboration.
Interested?

Jorge G. Morfin - Fermilab
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In Summary: Nuclear Physics Meets
Neutrino Physics

Dave Schmitz — NuFact13
Jorge G. Morfin - WIN 2013 - Natal, Brasil
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Conclude with NuSTEC Concept

Neutrino Scattering Theorist Experimentalist Collaboration

Nuclear Physics Meets
Particle Physics

; o ‘J~

| 5
.,‘
’ 5

¢ CTEQ-like collaboration of experimentalists and theorists nuclear and HEP
working together on:

v Joint theoreticatexperimental neutrino scattering physics studies that, among many
things, could lead to improvements of Monte Carlo generators.

v Based on the challenges and progress of the physics studies, organizing workshops that
bring the community together to discuss a particular issue.

v A Neutrino Scattering Physics School aimed at advanced doctoral students and
beginning postDocs.

Theorists and

Masashi Yokoyama — NuFact13 EXP erimentalists
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End

Jorge G. Morfin - WIN 2013 - Natal, Brasil
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modified graphic from Intensity Frontier summary talk, Snowmass 2013
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Neutrino Targets

MINOS +
T2K

vow  Accelerator
LBNO .
moan  @xXperiments

CHiPS

Neutrino Energy (eV)
Jorge G. Morfin - WIN 2013 - Natal, Brasil 36



Relativistic Fermi Gas For Nucleus

¢ For quasi-elastic scattering, if we further
assume the nucleon is at rest, we can treat as
determine E, and Q? from lepton kinematics independent
only (“2-body interaction”)

v Technique used by many oscillation n p
experiments, particularly when blind to
the hadronic final state

neutrino energy
2 2 2
E’éE ) 2(M, — Eg)E, — [(Mn — Ep)’ +m? — Mp}
Y 2[M,, — Ep — E¢ + pgcos(0y)]

hadrons

= neutron mass

= proton mass

= separation energy
m, = lepton mass

4-momentum transferred —
Jorge G. Morfin - WIN 2013 - Natal, Brasil L¢» 9= lepton energy and angle

n

M
M,
E

o]

Qop = —mj +2E7" (Eﬁ B —m? coswﬁ)
w



Charged Current

d

Gabriel N. Perdue

u Fermion: Known.

The University of Rochester

Jorge G. Morfin - WIN 2013 - Natal, Brasil
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Charged Current

d u Fermion: Known.

Nucleon: Parameterize
w/ Form Factors.

\Y lepton

Gabriel N. Perdue

The University of Rochester

Jorge G. Morfin - WIN 2013 - Natal, Brasil
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Lepton: “Trivial.”
w* 20

Charged Current Neutral Current

d u Fermion: Known.

Nucleus: Hard!
Very complex nuclear physics.
But this is where we want o.

Nucleon: Parameterize
w/ Form Factors.

\Y lepton
Fermilab
Gabriel N. Perdue he-University-of-Rochester

Jorge G. Morfin - WIN 2013 - Natal, Brasil
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Detailed Study by P. Coloma and P. Huber
arX1v 1307.1243

Disappearance experiment using CC QE-like signal events. T2K — 5 years; 850 QE

QE-like includes pion absorption and scattering off nucleon pairs. 1300 QE-like
E, 1s reconstructed from the observed muon which gives a lower E, for non-QE.
Give a quantitative estimate of this problem using: Ni**(a)=a « N7 + (1 - a) x NFE-e

o = 1 implies completely ignore nuclear effects while o = 0 implies you know/
model the nuclear effects completely.

The importance of a near detector to help normalize the signal is obvious. However
have not yet included different near and far incoming neutrino spectra.

Even with ND, a = 0.3 =1 o bias in parameters! Need accurate nuclear model!

98 20%-20"%

W\m ND

2.35 | |
t GLOBES 2013 | |

38 40 42 44 48 48 s0 52 00 02 04 06 08 10
sl®) @ 41



2.

4,

5.

Elements of a v-N Program

Span of neutrino energies (~100 MeV to 10 GeV)

v With minimized flux uncertainties (spectrum and normalization)

Range of nuclear targets
High resolution detectors

¥ Good resolution of leptonic and hadronic sides of the final state

Differential cross sections = statistics

v Required to untangle underlying physics and validate models

»

»

Close collaboration with theoretical community

Much of this physics 1s at the cross roads of particle and nuclear

Improvement of event generators is key to utilizing in osc. experiments

Jorge G. Morfin - WIN 2013 - Natal, Brasil
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Transverse Enhancement Model
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Liquid argon time projection chambers offer a great
opportunity for neutrino physics, including detailed
study of neutrino-nucleus scattering

ArgoNeuT detector exposed to NuMI beam
v 0.085e20 POT neutrino mode

v 1.2¢20 POT antineutrino mode

Low charge High charge

TPC Volume: 175L
ArgONeuT Wire Pitch: 4 mm

Max Drift: 0.5 m (330 us)
Electric Field: 500 V/m

Drift time

Liquid argon

ionization

ionization

120
Collection Plane Wire

\ Wire number j
JULEC G Morfim=—WiiN-2013—= I‘:aiaL, Brastt 45




ArgoNeuT
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Jorge G. Morfin - WIN 2013 - Natal, Brasil
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Tu — antineutrino mode run

V= antineutrino mode run

ArgoNeuT

)

LLLLLLLLLLLLLLLY

Jorge Gviorfim= ‘vaN 2013 - Natal, Brasil
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CCQE event candidate in the tracker region of the
near detector. Muon reconstructed angle 40° and
reconstructed momentum: 566 MeV/c

Jorge G. Morfin - WIN 2013 - Natal, Brasil
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Nuclear Effects and Oscillation Measurements

Ulrich Mosel using his Giessen Boltzmann-Uehling-Uhlenbeck

(GiBUU) Transport Model looking at T2K

t'rue
S

= x10 for oscillated events) ] 14 |

. E,"® (x10 for oscillated events) 12 Ex10 for oscillated events

10 180

Vv, appearence
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e
(&
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4 9 8 [
: QE-like o ) : Ve appearence
C ] X r .
T2K flux E n: QE-like
X f T2K flux
L 27
— N 1 .
0 0.5 1 1.5 2 2.5 ?:* 0 05 1 15 2
E, (GeV) o reconstructed E, (GeV)

Jorge G. Morfin - Fermilab
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Why 1s Neutrino Nucleus Scattering Important?
What do we observe in our detectors?

¢ The events we observe 1n our detectors are convolutions of:

Yoo ()]t 9(E" 2 E) (X (04 (E'2 B) ONuc g 5 (E'2E]

¢ O(E) is the energy dependent neutrino flux that enters the detector. Currently, with
traditional meson-decay-source neutrino beams, ¢(E) =10% absolute and = 7%
energy bin-to-bin accuracy. Significant contribution to systematics.

¢ 0.4 (E'=E) is the measured or the Monte Carlo (model) energy dependent
neutrino cross section off a nucleon within a nucleus.
¢ Nuc,y. 5. (E = E)— Nuclear Effects

¢ Nuclear Effects — a migration matrix that mixes produced/observed channels and
energy

¢ In general the interaction of a neutrino with energy E’ creating initial channel d.e...
can appear in our detector as energy E and channel c.
o Particularly fierce bias when using the QE hypothesis to calculate E and Q?!

¢ Y . (E)is the event energy and channel / topology of the event observed in the

detector. Appears to be channel c;&aug. Faary Eﬂ@?ﬁhave been channel c at interactipn.
orge U. Mortin - Fermila



Nuclear Effects can Change the
Energy Reconstruction for “QE” Events

J. Sobczyk arXiv:1201.3673, - O. Lalakulich et al. arXiv:1208.3678, - J. Nieves et al. arXiv:1204:5404 — M. Martini et al. arXiv:1211.1523

In pure QE scattering on a nucleon

at rest, the outgoing lepton can
determine the neutrino energy:

Vl l
e
n p
2

b, =
2(MNn — E,, +p,, cosb,,)

However, not on nuclei.

Reconstructed energy i1s shifted to
lower values for all processes other

than true QE off nucleon at rest

on 2C (108 cm?/GeV)

flux x 6 pions

05| |

__U. Mosel GiBUU

true E,
reconstructed E,, — - —

A\
'\ true-QE

2p2h

model 111

RES+1nBG+DIS
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v, Event Fractions in a vSTORM Near Detector

¢ v_produced by 3.8 GeV pu* beam.

2500

N
o
o
o

1500

v, CC events

1000

3500

& Forve sample, 52% resonanty=40%-QE; 8% DIS)

total CC
i RES
i QE
B DIS
......... '||1\|LL5\1
0O 05 1 15 2 25 3 35 4

out of the CC
modes:

* 56% resonant

*32% QE
*12% DIS
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