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Progress is Difficult, but
Necessary
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Difficult Multi-Scale Problems

Consider a bicycle rider at §{ (A reaeg e

right, descending the stairs é .3 E:ffz( T,‘,’,";’;;,Zta"s

of the Eiffel Tower

* A bicycle wheel is ~1m in
diameter

* If steps were ~1cm height
or the steps were ramps of
~100m, we could predict
the cyclist’s trajectory

But since the wheel size is too close to thetep
size, all we know is that it is going to be painful.
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Failed Multi-Scale Problem

« Similarly, we have E,,~300 — 5000 GeV,
mp — my~250 MeV, Eginging~30 MeV in 12C

* Nuclear response at these neutrino energies spans
elastic, quasielastic and inelastic

* And even the last two cannot be cleanly separated
since the effect of binding of nucleons cannot easily
be factored from inelastic excitations of nucleons

Exact prediction of nuclear response e .
becomes akin to equation of motion % Vg S5
for the system at the right if energy
required to uncouple springs is
comparable to energy required to
break them.

27 September 2017 Kevin McFarland: Progress in Neutrino Interactions 5



A Problem Hidden in Plain »
Sight for Neutrino Experiments
 What do we do when

confronted with a problem we
can't solve? We ignore it!

* This community started with
modeling of neutrino
Interactions that was too naive
to support the precision
needed for future experiments.

* People who had confronted P
charged lepton scattering data
for decades told us what we
were facing.

« Gradually, and painfully, we
have learned to listen...
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Necessary: Energy v

Reconstruction

* Neutrino oscillation measurements require
measurement of neutrino energy to determine
oscillation probability.

* Even “narrow band” neutrino beams have an
energy spectrum width that can’t be ignored.

* Must estimate energy from the final state.

neutrino anti-neutrino

Beam SiN22643=0.1 Beam Sin22643=0.1

energies 0 VO T : energies . 00— 5=0

E, (GeV) Oscillation Probabilities for L=295 km, E,, (GeV)
Hyper-K LOI
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Necessary: Energy
Reconstruction

 Now consider the effect of
multinucleon (2p2h)
processes on energy
reconstruction from leptons
as in T2K and HyperK.

Pair Correlation
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Necessary: Final States

* Neutrino event selection is rarely inclusive

» T2K selects events without visible pions in the final state, and
that veto is nearly 100% efficient for °.

= NOVA requires lepton energies large enough to identify
muons and electrons efficiently among hadrons.
* Final state also affects energy reconstruction in
some detectors (scintillator, LAr)

= Response to neutrons is not Vi K
the same as to protons is not
the same as to 7™ is not W
the same as to r°...
 Now consider modification n DN
of the final state in the nucleus. n

 This must be understood.
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Tools for Progress
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Tools: Theory

* Arguably our most important tool,
my comments about the difficulties
not withstanding.

 Luis Alvarez-Ruso will summarize status.

« Suffice it to say that it is difficult to create reliable
theory on nuclei over the full range of targets,
kinematics and final states relevant for oscillation
experiments.

* And consequently, framework for interpretation of
data is incomplete. The results of incorporating
new neutrino data are not always predictive.

* One might instead learn about failings of the model.
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Tools: Electron Scattering

 There is a wealth of
iInformation available from
electron/muon scattering
experiments which cannot be
matched with neutrino data.

» Helpful for common effects,
e.g., disappearance of energy
iInto nucleus (spectral function),
final state interactions

= But weak CC and EM NC are
fundamentally different.

o New form factors

o Charge change (isospin rotation)

* New data arriving!

27 September 2017
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Tools: Neutrino Data

Neutrino data has access to what we need. Just
catalog reactions! But...

= Experimentally challenging to get a capable detector

and high statistics
= Most neutrino sources (not NuSTORM or other muon
decay source) are v, but also need v,.

o Theory will get us most of the way there, but need to cleanly
separate lepton mass parts of cross-section and reactions in
phase space missing for muon neutrinos

o An open question is how much more we would learn from
NuSTORM and what systematics are without it. Needs work!

o E.g., M. Day and KSM, Phys. Rev. D 86, 053003 (2012)
works this out for CC elastic on free nucleons.
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Tools: Neutrino Data

* Biggest limitation is flux.

= As Alex just told us, flux as a function of energy may not be
well constrained, despite in situ and ex situ work.

= But even if flux as a function of neutrino energy is understood,
still don’t have event-by-event neutrino energy.
* This is trouble.

- If we had a tunable, high rate source of monochromatic
neutrinos, we would repeat single arm electron
scattering experiments and measure nuclear response.

E=560, 6=60°"
{f '\ - . 2 .——m -

e e 5000}
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Tools: Neutrino Data

More precisely, since single arm experiments would
be wasteful ©, we would measure these
distributions of energy and momentum transfer.

O~ lines W =938, 1232, 1535 MeV

[ do/dqodq3 (10‘3’8 cm?/Ge\?)
- 3 GeV neutrino + carbon
- GENIE 2.8.4 withreduced

| =40 Unfortunately, we
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without reference
y 130 {o the final state
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Interactions to
measure neutrino
energy.
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Neutrino Experiments that
are Making Progress
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First a Comment about v
Neutrino Energy

* Neutrino energy is not the most important
criterion of usefulness of a data set, as long as
the reaction(s) of interest are accessible

= Response of the nucleus e = p— L
for a given final state is gtog—;zsl\gﬂmﬁzz;n | s
given by energy and E 0. inesw=s3s, 1202, 1535 Mev_ggftts oo
momentum transfer. 5 0.6 '
Not neutrino energy’. fof
» Ability to measure a »

final state, get good o Sc i m——— T

statistics and measure kinematics are much

more important_ " near q, boundary, lepton mass

effects become important.
Often predictable.
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Current Experiments

« MINERVA: in NuMI at Fermilab

» Fine-grained scintillator detector
* Nuclear targets of He, C, H,0O, Fe, Pb

« T2K 280m Near Detector at J-PARC

* Fine-grained scintillator, water, and
TPC'’s in a magnetic field

 NOvVA near detector: running, early

results

= Segmented Liquid scintillator in off-axis
beam

 MicroBooNE: running, early results
= Liquid Argon TPC in FNAL Booster Beam
= Some data from ArgoNeuT, a test in NuMI
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Strengths and Weakness of
Experiments (warning: opinions)

MINERVA. Strengths: established and publishing on high statistics
sample. Multiple nuclear targets in same beam. v-e scattering for

flux. Neutron reconstruction. Weakness: wideband w/ flux puzzles.
relatively high tracked/IDd particle thresholds (T,>90 MeV, T,>50 MeV)

MicroBooNE. Strength: lower particle thresholds (T,>80 MeV T >35
MeV done, hope for factor of 1.5 lower), excellent PfD if partlcles don'’t

hadronlcally interact. Weakness: statistics >order of magnitude lower
than MINERVA (SBND will be ~MINERVA ), cosmic ray backgrounds.

T2K Strengths: established and publishing. Narrow band beam w/ best
hadroproduction constraint. Excellent PID for particles making it to gas
TPCs. Weaknesses: very low statlstlcs relatively high tracked &
identified particles threshold. " reconstruction problematic.

NOVA Strengths: narrow band beam, albeit with some flux worries,
factors of two better statistics than MINERVA, neutron
reconstruction?. Weaknesses: higher thresholds than MINERVA, all
plastic so containment is not great, "cocktail” not easily compared to
other results.
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Some Highlights of Progress
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Coherent Pion Production
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A Very Strange Reaction... \(

Despite small binding energy of v u

nucleus (few-10s MeV), a pion can be \‘”\,/V

created from the off-shell W boson q'w*

and leave the nucleus in its ground : —
state ¢! =
Reaction has small 4-momentum )/'\‘\
transfer, t, to nucleus By =By + Ex

Can reconstruct |t| Q* = 2E,(E,, — B,cos6,) —m;,

from final state it| = —Q'2 — ‘Z(E;r + B prcostiy — puprcost, ) + m%
Reconstruction of |t| gives a model- gz VetA— W AT +A
independent separation of coherent ¢ " o
signal and background - 7] oo e

= Tune background at high |t|
= Measure signal

MINERVA, T2K and ArgoNeuT have
all measured this in charged current.

Q01 020504C50507 35051
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e Reconstructed Itl = (q-p ¥ (GeV/c

Events/ 0.025 (GeV/c)?




NOvVvA NC Coherent

« NOVA has excellent ©° reconstruction and has searched
for this by looking at forward events

« Powerful check of model that works for charged current

NOvVA Preliminary
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Comparison of Neutrinos and v
Antineutrinos, and do/dQ*

« Updated MINERVA results include do/dQ? and a direct
check of the consistency of neutrino and antineutrino
cross-section to check if process is purely axial

10 V“+A > u+ar+A

. x10%
5!0 303 MINERvA - DATA & 10?.
L 3.04E+20 POT — GENIE v2.6.2 3 8,
‘)'-\\ 25 — Berger-Sehgal ‘}.\, 6 'l
g s 4 V—V
Q  20F 3
s v SR
RS o~
E 15 § o }I : B ’
A d I -2
ol'G 10f °|°é’ 4
3G 101 Blo
| > O
B — l:L -8;_
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Low Threshold Multiplicities

in Liquid Argon

27 September 2017 Kevin McFarland: Progress in Neutrino Interactions 30



A%

Low Threshold Multiplicities

* Model check of low energy particles, such as spectator
nucleons and pions degraded by final state interactions

« Important for understanding LAr reconstruction
* Obviously, early

. _f_:; o.sf— —4¢— MicroBooNE Data (stat only)
days for MICFOBOONE § - —— MC Default (stat+syst. errors)
 Want to reduce = WIC with MEC
q>) = MC with TEM
threShOIdS (— 15?) 0.5:_ MicroBooNE Preliminary
and add particle ID E (Incluces muons)
to get full power of :
‘ 0.3
these comparisons b
E KE, >37 MeV,KE >82 MeV
M. Del Tutto, “E
Monday WG2 IO R T s
area "°rma"zed\ observed multiplicity

Muon is included in bin 1
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Resonance Spectrum
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A Resonance in Nuclei

« Some confusing results in pion production nuclei at low
momenta suggest unexpected nuclear effects
= “MiniBooNE/MINERVA pion puzzle”

« Recent MINERVA results on proton-r® final states have

some interesting effects E. Valencia

* More evidence of oversimple pion model? Monday WG2
_ 2 _ _ N2 Invariant Mass calculated with
Wew \/ i + 2m (Ey = By) — Q proton and Tt° 4-momentums

POT Normalized

: —+— Data (3.33¢20 POT) TT 0 inclusive

—— GENIE w/ FSI

POT Normalized
 T,>0.1Gev @
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2 g
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o e
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Proton Muon Correlations in
CCOr

27 September 2017 Kevin McFarland: Progress in Neutrino Interactions 34



How to pick apart different
nuclear effects?

« Often it is very difficult to separate initial state (Fermi motion, in
medium modifications) from final state (rescattering) effects

 Need new observables... correlations between protons and muons
in CCOm events! C. Riccio, Monday WG2

| What are single
transverse variable?

Without
nuclear effect

With nucleat

Deviation of épr and ¢t

| from zero and of dat from a

| flat distribution indicative of §
nuclear effects

hXG Lu et al. Phys. Rev. C 94. 015503 (2016)
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How to pick apart different
nuclear effects?
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Progress Towards a
Descriptive CCOr Model
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Recall... energy

More precisely, since single arm experiments would
be wasteful ©, we would measure these
distributions of energy and momentum transfer.

O~ lines W =938, 1232, 1535 MeV

[ do/dqodq3 (10‘3’8 cm?/Ge\?)
- 3 GeV neutrino + carbon
- GENIE 2.8.4 withreduced

—40 Unfortunately, we
_|s5 cannot do this
without reference
y 130 {o the final state
of the neutrino
Interactions to
measure neutrino
energy.
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If we can’t measure energy... \(

Must determine neutrino
energy from the final state

energy. "~ Kinetic energy __.

If that is known, HEE Bl -

= Neutrino direction fixed —MW

= QOutgoing lepton is well N E =y | n
measured. 1 14 1irg —

MINERVA’s approachisto Y

_ Total energy — ..

use calorimetry for all but
the final state lepton |

= Don’t measure energy
transfer, q, butarelatedr—————— 1 T o o oo
quantity dependent on
the details of the final E
state, “available energy” avail = (Proton and m* KE)
(A. Bravar) + (E of other particles except neutrons)
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10° Events / GeV?

Data vs. Model (GENIE++) \(
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1.0 MINERVA I * Dala
3.33x10% pot MC:
Red model is GENIE === lolal+syst. error
) — QE
0.5} 2.8.4 with ' —— Delta
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. o Other
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1.0¢ -
Missing strength in “dip Phvs.Rev.Lett. 116
region” at moderate q, (}50.16) (.7718.02
0. 5 i °%e I e0°% o
0 =L ) : — E -
'8.0 0.2 0.4 0.0 0.2 0.4 0.0 0.2 0.4

Reconstructed available energy (GeV)
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MINERvVA v, and anti-v, “low q”

Low recoil “Inclusive” v, CC Interactions in antineutrinos:
MINERVA (A. Bravar)

—
i

-t
o

e

true energy transfer (GeV)
=} =]
(=2}

do/dq dq, (10 cm¥GeV?)

3 GeV neutrino + carbon
GENIE 2.8.4 with reduced ©
lines W =938, 1232, 1535 M

qO VS-
5]

0.4 0.6

0.8
true three momentum transfer (GeV)

il
1.0

Tune model (extra 1pi1h
or 2p2h) to fill in dip
region between QE & A.
This tune from neutrino
data also agrees with

antineutrino data!
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NOvVA low-q Analysis

* NOVA is doing something very similar as part of
its oscillation analysis evaluation of systematics

Second analyses (2016): K. Bays, Tues WG1+2
* Dytman ‘empirical MEC’ model is included in GENIE and used by NOVA
* Momentum transfer distribution fit to ND data; energy transfer set to match QE
* A 50% normalization uncertainty is taken ¢ oz o1 s 02 o 02 01 05 0s o 02 01 05 08 10

0.1<|q|/GeV < 0.2 0.2 < |q|/GeV < 0.3 0.3<|q|/GeV < 0.4
sUVuU 2 %
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- 0 0
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C 0.7 < |q|/GeV < 0.8 0.8 < |q|/GeV < 0.9 0.9<|q)/GeV < 1
C 20 + 420
5000F
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v pionless events (CCOm) \(

 What if we take tune to inclusive data and
feed it back to predict muon distributions in an

exclusive channel? 42 50m
CcC

dprdp

1.5<p /GeV <20 | 20< p‘.v’GeV <25 25<p /GeV <3.0 || 30<p /GeV <35

N
o

20

48 | 35<p /GeV <40 | 40<p (GeV <45 45< p /GeV <50 | 5.6 <p (GeV <6.0 _’_ MINERVA Data
%2 %2 X2 X2
20! ' I GENIE 2.8.4 with
——  MINERVA tune (RPA,
= 2p2h)

8.0< p‘,v'GeV < 10.0 10.0 < P /GeV <15.0 | 150 < pH.v'GeV <20.0

6.(l)<p .v'GeV;S.O |
. ——  GENIE 2.8.4 (out of

x 10 x 20 )ﬁ!&h“L x 30 x 50 the box)
L t L L
, . . : C. Patrick,
o 1+ =20 1 =20 {1 20 1 2 Friday WG2

Muon transverse momentum (GeV)
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v pionless events (CCOr) \(

 What if we take tune to inclusive data and
feed it back to predict muon distributions in a d*oce

different exclusive channel? dprdp,
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Entries/Bin

Low energy protons in v

pionless events (CCOm)

* Does this tune get details right, like energy from
protons below tracking threshold? “Vertex energy”

MINERVA antiv

T T T T T T T T T

——
o data

QE-like:  background:
[2p2h  [E2p2h
BQE Qe
@mois s

[RES [TIRES
[C]Coherent-n

.........

0.1

Vertex Energy (GeV)
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C. Patrick,
Friday WG2
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Summary of CCOmr Model \(

For these “least inelastic” events, we seem to
have found a model which explains

» | epton energy distributions over MINERVA flux
= Details of proton (visible) recaoil
= Neutrino and antineutrino

“Model” is tuned to inclusive data which suggest an
additional 2p2h (and/or some "regular” 1p1h) at
moderate, ~0.4 GeV, three-momentum transfer

Not theoretically motivated (=magic?), but
identifies particular energy-momentum transfer.

Interesting to test against T2K, MicroBooNE, etc.
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Conclusions
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"It's snowing still,”
said Eeyore __

Conclusions gloomily.-_¥§
. . "And frCCZing."
* Did I mention progress? "However," he said,
* We are approaching a brightening up a

little, "we haven't

plausible description of the  .4.. extibaunke
zero pion reactions that are  lately.”
most/much of T2K/NOVA signals.

* Theory may have some catching up to do.
* Single pion is ~ready for same approach.

* We have a longer, more difficult, path to
follow to reach the understanding
necessary for DUNE.
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Backup

Kevin McFarland: Progress in Neutrino Interactions

49



N Events / 1.0 GeV

Data/MC

NuMI Flux Puzzle

minervameAll - All Tracker

x10°

0.8 — Simulation
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

NuMuMO000z200i_nova

IIIIIIIIIIIIIIIIII]IIII

Near Detector

® Data
—— Untuned MC
—— Tuned MC.

-

2500

2 2
o O

IIIIIITII’ITTTTIIIIIIIIIIIIr

Plots from

MINOS

\l\lflwll\flwll\\II‘IHI\II‘IH

e e b by by by 1y TS h
"2 4 6 8 10 12 14 16 18 20
Reconstructed Neutrino Energy (GeV) 500

minervameAll - All Tracker

x3/ndf = 5701.76/34 = 167.70 MINERVA

Events/10'® POT

lllllllllllllllllllllllll'l-'

1.5
1.4
1.3
1.2
1.1

Data/MC

*. ettt o et

S -
. -

—y

H\\‘l||l‘\\\\‘\\\l |||||HH‘\||||I|H‘HH

0.9
0.8
0.7
0.6

Tunad/Unt. MC

5 10 1o
Reconstructed Neutrino Energy (GeV) Reconstructed E, [Gev]

(=)

27 September 2017 Kevin McFarland: Progress in Neutrino Interactions 50



MINERVA’s neutrons

Efficiency at finding neutron candidates in CCQE

truth
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