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Relationships

» | was asked specifically to speak about the relationship
between neutrino interaction measurements and
oscillation experiments.

» |'ve found this relationship to be
complicated by the need for
oscillation experiments to do their
work with resources they control.

« Specifically, it's hard to argue you
get to build a B$ class experiment

without a clear path to controlling
your own systematic uncertainties.

 And yet...

Paul Verlaine and Arthur Rimbaud,
] : . both leaning to their right
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Relationships (contd)

« Qur current generation of precision oscillation
experiments has not been able to do its work without
significant investments in
Improving the interaction model.

« The data motivating or
validating those model
Improvements or new
uncertainties has mostly
come from neutrino
Interaction measurements.

« Soit’s likely the relationship ey A
will continue, despite POSSIDIE o, % or ai o see, some year at La Musée dOrsay.)

That’s Rimbaud gazing at an annoyed Verlaine at the left

d isa p p roval Of our B F FS d and the rest of the table ignoring the clingy display.
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How Oscillation Experiments Use
Interaction Models
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Near Detectors and v
Oscillation Analyses

» Near detector sees beam near source, before significant
oscillations.

 Goalis to measure flux and neutrino interactions, and to inform
modeling of response of the far detector.

 Near detector rate = [ flux®cross-section®detector response.
» Detector must provide methods to deconvolve these elements.

Sanford Underground
Researc h Facility

ies oxe
o jlometers s
el
L NEUTRINO
e G A e .
i S e PRODUCTION

S B g
‘ el PARTICLE
DETECTOR

L UNDERGROUND
PARTICLE DETECTOR

19 November 2020 K. McFarland, Neutrino Interactions and Oscillations



Oscillations: Near Detectors

« Experiments have a, more or less, universal
scheme for using the near detector data to
constrain the flux and cross-section

r

External Hadroproduction
and Beam Simulation
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Separated
Flux and
Cross-
Sections
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External Cross-Section

Measurements and
Models

* The separation is critical
for prediction of event
rates after oscillation.

. Reliance on models
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But, challenges

Neutrino flux is difficult to measure independently.
» “Standard candle” reactions are either dim or unreliable. (Chose one.)

Neutrino oscillation probability, P(VH - v{)) =5 [parameters, ELI

%
» The detector measures E, from final state particles.

= But the detector response in ionization to leptons, n°, protons, n*, n~,
neutrons, nuclear remnant are all different (rough ordering by visibility).
Rate at the near detector is much higher than rate at far detector.
= DUNE provides the extreme, but not the only example of the problem.
o 1.5M v, CC events/ton/yr at the on-axis location in neutrino beam.

o LAr readout by drifting ionization in a TPC is a slow detector technology.
Pileup of neutrino interactions at near detector complicates the task.

Deconvolution is an ill-posed problem.
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Historical example of a Y
failure of deconvolution

e MiniBooNE observed a discrepancy in its
“CCQE” events vs Q2.
o Attributed to axial form factor and Pauli
blocking, just an event distortion in Q2.
o We understand now this is, at least in
part, due to multinucleon production with
a different energy-momentum transfer
relationship. More later on that.
e Attributing the difference in form factor
meant misreconstructing E,..
e Lesson: need multiple observables to
diagnose an incorrect deconvolution.
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General Comments on

Measurements of Neutrino
Interactions and
Their Interpretations
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Importance and Limitations

of Model-Independent Data

A%

« MiniBooNE pioneered, and the rest of the field adopted,
procedures for producing “model-independent” results.

« Meaning that they can be precisely compared with models.

i gch)se 40 om’/GeV) s MiniBooNE data (5N,=10.7%)
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QO e |:| MiniBooNE data with shape error
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Mean
Field

« But inference of energy and
momentum transfer information
IS hot model independent.
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With that in mind, consider ~
this plot we’ve all seen...

 What is this “data™?
= At high energies, hadron

multiplicites are large and % 1
170.8F

50.6f

can measure E, from
“‘average’” final state

= Some of the "QE” data is
on deuterium, a nearly
free nucleon, where E, is
well defined.
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« But with those exceptions, this plot doesn’t show

measurements.

It shows some model’s

iInterpretations of measurements.

19 November 2020
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Leptons are Special \(

* Lepton measurement is special, even in very
high performance detectors

» Not subject to vagaries of hadronic final state
response or hadronic physics

= Easier to calculate v

= We will always want to
know about relationship ( & > )
of lepton to incoming neutrino E, Eﬂ» Py pﬂl

* For experiments using recoil information, want
details and correlation with lepton response
» Individual final states, calorimetric response, etc.
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And the details of the final -
state are priceless...

» Liquid argon has excellent -

: : | C—
resolution for final state LT e R
« Example: ArgoNeuT, a small | ! '"""‘°"1 :
liquid argon TPC test in NuMI beamline " ) f‘;

J. Spitz, arXiv: 1009.2515v1

»  Provides samples of events
with multiple nucleons

» Physics goals demand
methods to separate final
state interactions from initial
state multi-nucleon
correlations

P EEEEEEEEE
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But seeing the deftails might -
require multiple techniques

 It's difficult for slow LAr TPCs to find neutrons which
interact far from other particles, particularly in the
presence of pile-up.

= Color |
. ’ 110 Neutron Candidate Scale |@°
B_ut. that's not so IR Mev |,
difficult for fast detector ., !

Muon activity exclusion Zone
Siahia)
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. . Y [ tiall ted
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Phys. Rev. Lett. 120, 221805 (2018)
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Another example: electron
and muon neutrinos

T2K and NOVA control neutrino beam interactions with and v, (and v,,),
but measure both v, and v, interactions.

The extrapolation is mostly straightforward, except unique phase phase
(lepton mass), radiative corrections and other (small) effects.

Challenging measurement since g soj-wwlmw"'w”'i”i:"""'lf;}"f"éé'lgfl’&éilo ‘é
beam is ~1% v,. Require high statistics and : 4 T2K %
low backgrounds. : v — ;
Backgrounds will be worse at low neutrino 2 *F mow 1
energies. o tepeiein 1§
Magnetized detectors can directly measure & o vy 2
y — e fakes via wrong charge. NP
Again, a single technology struggles to do I O R N A
this measurement alone. Phys.Rev.Lett. 113 (2014) 24,E g?%o&

where the e* sample measures y —

eTe™ background to v,.
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And where is this interaction -
experiment?

* Does that matter? If it does, we should acknowledge the
possibility that the interaction experiment may itself be
part of the oscillation experiment’s infrastructure.

« The plans for the DUNE “near detector complex” are an
excellent example. Because of the many functions
beyond measuring an event rate, it is indeed “complex”.

* The “PRISM” capability, another way to separate flux and cross-
section, is an example of enhanced functionality. See Luke’s talk.

N

&
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How Interaction data is Used \Q\/

Effective > Reaction
)

Data

\SA or eA

* Necessary because data can’t measure full phase space
 |terative process, using data to improve models

* Models are usually effective theories, ranging from pure
parameterizations of data to microphysical models with
simplifying assumptions or limited kinematic reach.
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Improving Models by using -

Data is not Automatic
* Treatments for modeling cross-sections vary in
different oscillation experiments

= Experiments are individually learning how to join effective
models with constraints on data to produce uncertainties

» A global generator effort like GENIE needs to draw
contributions from these many sources
« Similarly, we need to do better to bring best
models into generators used by experiments
* Not even half as easy as it sounds.

» Models are rarely “generator ready” because they are
semi-inclusive or cover limited kinematics.
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The Canonical Example...
Multinucleon Effects at MINERVA
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What we’d measure if we 3
knew Initial neutrino energy

9" lines W =938, 1232, 1535 MeV

C dcsldqodq3 (10'38 cm2/Ge\/2)
- 3 GeV neutrino + carbon
- GENIE 2.8.4 withreduced n

—40 To do this in neutrino
35 scattering, we have to use

430 the final state observed
energy since we don’t know
incoming neutrino energy.

-ollllllllllllll

- — PR e PR BT
0.2 0.4 0.6 0.8 1.0 1.2
true three momentum transfer (GeV)

(See Kendall’s talk on how electron scattering,
which has this advantage, helps)
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Since we don’t know y
neutrino energy...

* Must determine neutrino energy
from the final state energy.

 Kinetic energy P

* If that is known, ] | -
* Neutrino direction fixed - Kinetic energy B
* Outgoing lepton is well measured. :’;O n
o o

. Tota{ energy
* MINERVA uses calorimetry for all |
but the final state lepton

* Don’t measure energy transfer, ——— o T oI L

qo but a related quantity Figure courtesy P. Rodrigues
dependent on the details of the E_ ., _ (Proton and 1t KE)

inal state, “available energy”
f gy +(E of other particles except neutrons)




10° Events / GeV?

Missing moderate |q,| “Dip
Region”

1.0¢

0.5}

0.0

1.0t

0.5}

0.8.

0.030 < Reco. q /GeV < 0.20

MINERVA
3.33x10%° pot

Red model is GENIE
2.8.4 with
Valencia 2p2h & RPA

0.230 < Reco. q /GeV < 0.30

¢ Data
MC:
& Total+syst. error
— QE
— Delta
— 2p2h

=

0.430 < Reco. q /GeV < 0.50

Missing strength in “dip
region” at moderate g3

—r

;E‘:k..— Other

0.5;0 < Reco. q /GeV < 0.60

0.330 < Reco. q /GeV < 0.40

——————

e “2p2h”

0.%0 < Reco. q /GeV < 0.80

Phys.Rev.Lett. 116
(2016) 071802
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* Nieves 2p2h & RPA

model added to
GENIE prediction
used by MINERVA.

e But it doesn’t

provide enough
strength at
moderate |q;].

22



A%

What can we do to fix it?

* |[dentify the sources in this type of measurement is a
problem. o W

* But in this kinematic region, there are only so many possible
contributing processes.

S 1.2 =
& [ doldq dg (107 cri/GeV?) ao
E 1.0—3 GeVneutrlno+carbon s
% | GENIE2.8.4 withreduced = ,
& 0.8F lines W = 938, 1232, 1535 MeV s
N -
o 0.6
- L
-] L
@ L
,E_, 0.4~
0.2

2 — — 1,
080 04 06 08 1.0 :
true three momentum transfer (GeV)

Eqvail ® 9o — 2T, — Xmg=+. So, QE and 2p2h.

need ~200 MeV to migrate from A
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What MINERVA concludeps Y

——————

 MINERVA’s low recoil data identifies
missing strength, but it doesn’t identify if
v, A(n) » " pA’ orv,A(nn) - u"pnd’

or v,A(np) - u~ppA’ is the most likely source. 1.0¢ + Data
» Different choices mean different E,,.1(q)- - ¥0?$|+Syst_ orror
— QE

* Default tune augments ratio of 2p2h nn/np initial — Delta

state as per Nieves’ model of 2p2h. 0.5] 3. __ 2p2h
o7, * = _  Other

MEC Fudge QE Fudge

energy vs. momentum

transfer of additional 08 —
qO /q3 N cross-section 0

|e

0.4
Eavailable (GeV)




Ratio to Default GENIE

MINERVA v pionless v
events (CCOmn)

* Tuned vs untuned in an exclusive channel

1.5<p/GeV <20 0<p/GeV<25 2q< p/GeV <3.0 30<p/GeV<35 d 2 o O
1 5 ML @ MINEAVA Data —CC'
ot I M dprdp,
05 —_— Gcr‘llz.nr;A.s-ue-. |
0.0 : : - - ' - ' @® MINERVA Data
35<p/GeV <40 40<p/GeV <45 45<p/GeV <50 50<p/GeV <6.0
1.5 i
| === MnvGENIE v1
1.0 T ,
05 I [ l [ MINERVA’s
' I tune - GENIE 2.8.4
0.0 6.I0 <p /GeV < 8.0 8.0|< p /GeV < 10.0 10.0I <p /GeV <|15.0 1 [ll p /GeV < I20.0
1.5 I f I = GENIE+RPA+2p2h
1.0
ool 1T, 1
0% 1 2 0 1 2 0 1 2 0 1 2

Muon transverse momentum (GeV) arXiVv:1811.02774
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Entries/Bin

Low energy protons in »

CCOm events

* Does this tune get details right, like energy
from protons below tracking threshold

(“vertex energy”)?

MINERVA antiv
L L
o data
QE-like:  background:
10%h v @2p2h  [E)2p2h
WCE EQE
EoIs EoIs
[RES  [ZIRES
10° €8 [ Coherent-x

Vertex Energy (GeV)

Phys.Rev. D97 (2018), 052002 and
arXiv:1811.02774
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do/dpn (cr'r12/GeV/c/nucleon)

Initial State and Final State >
in CCOrr w/ proton

----I‘ GENIE No-FSI ('1 1.5)
=+ GENIE Nominal
I -FSI Non-interacting
B p-FSI Acceleration
p-FSI Deceleration
n-FSI Absorption
—— MnvGENIE-v1
® Data

Neutron momentum under
exclusive up hypothesis

Phys. Rev. Lett
121 022504
(2018)

* MINERVA 2p2h tune helps with the tail!

 But by studying reconstructed neutron momentum and transverse variables
in CCOm events, we have evidence for deficiencies in the initial and final
state models. (The most glaring is an FSI bug in GENIE, since fixed.)
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Lessons learned...

MiniBooNE, the first to observe hints of the effect, didn’t have
access to sufficient observables to identify the source.

Even a capable detector (MINERVA) required many
complementary observables in the same events to reach a
convincing understanding. Capabilities matter, as does the
creativity to find those observables.

= Developing those observables was a collaboration between
oscillation and interaction experiments, as it turned out.
NOVA has used similar methods to derive a similar tune.
= Maybe it's helpful that some key NOvVA contributors were trained
on a neutrino interaction experiment?

T2K, interestingly, has not... perhaps because of energy
dependence. But the possibility of distortions of the
multinucleon model is incorporated in their analysis.
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Conclusions
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29



What will the future needs -
be?

* Probably | don’t have an accurate crystal ball, but...

« Energy lost to neutrons, which is different for neutrinos
and antineutrinos, will be critical.
= Current program will make some progress here. Maybe not enough
though because of the need to measure on argon for DUNE.
« Doing a similar analysis for the single pion low W region
as was described here for ~elastic will be necessary.

= Lower energy experiments (SBND?) may have an advantage
because of the small feed-down from high W, which is a problem at
higher energies for pion production./

 Electron and muon neutrino interaction differences.
= At high precision, may require a program to study directly?

= QOr indirectly through auxiliary measurements of proxy processes to
validate the theory behind small differences from nuclear effects,

radiative corrections, etc.
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The End of the Affair

L . |

* Neutrino interaction measurements, A. RIMBAUD }
wherever they are done, play a ~ e |
critical role in validating details of . g

interaction models.

« Whatever the specifics, they play 1
this role by exploiting capabilities not .
needed in extrapolation from a near ||  rmx: uNmanc
to far detector. ' |

« Even if infrequently, oscillation

1/SAISON EN ENFER

BRUXELLES

experiments are likely to be | | i A
compelled to sometimes “swipe ‘ & ‘ _
right” to accomplish their goals. Rimbaud’s symbolist prose masterpiece,

written while Verlaine was spending two
years in prison for shooting him.
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