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Who? What? Why?

* MINERVA is a neutrino interaction experiment in NuMI
* Targets of CH, C, H,O, Fe, Pb. 1.5 < E,, < 12 GeV neutrinos

* MINERVA has “not awesome agreement” with GENIE out of the box
within GENIE’s uncertainties.

* Neutrino has developed a model tune, based on theory models
implemented in GENIE 2.12.x, D, bubble chamber data, and its own
measurements that better describes its data than untuned generators.

* The model allows MINERVA to more realistically assess uncertainties in
its own measurements.

* The tuned model is also available for use by other experiments, such
as neutrino oscillation experiments.



CC1lm Tuning

e Data used in tuning
 MINERVA data against tune

2 November 2018 K. McFarland, MINERVA Interaction Model



Incoherent pion product|on observations

* MINERVA sees a strong
deficit of pion production

at low Q2 in several
channels.

e MINOS has also seen a low

Q? suppression in
“resonance region”.

e MINERVA also sees a shift

in the pion spectra to

slightly lower values, which
look to be consistent with
a shift in the A(1232) peak.

* Maybe resonant-non

resonant interference that

is absent from model?
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Incoherent Pion Tune Philosophy

* Try to put in latest understanding from D, data
reanalysis to give the best starting point for the
incomplete Rein-Sehgal model.

* Having done that, look at varying:

1. The pion production parameters already
constrained in the deuterium analysis if needed,

2. FSl parameters within GENIE,
Angular distributions of pions in resonance decays in Rein-Sehgal,
4. An ad hoc low Q? suppression.

w
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Deuterium Tune

C. Wilkinson, P. Rodrigues, KSM,

e Results taken from Eur.Phys.). C76 (2016) 474.
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Pion tune results
1.

Form factor and non-resonant
terms are not strongly pulled.

Strong FSI pulls are preferred,
but hard to tell which.

Carbon data favors isotropic
emission, which perhaps says
more about FSI than emission.

Low Q? suppression is strongly
preferred.
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MINERVA’s Four Charged-Current

Single Pion Channels: T
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MINERVA’s Four Charged-Current
Slngle Pion Channels 0*
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High energy
diffractive (?) m°

e Our electron neutrino
analyses found excess
events with dE/dx
near the “electron”
vertex consistent with

photons.

* Most consistent with
h energy diffractive
production missing

hig

J[A

In GENIE.

* Important to add “by

600

Events

400

200

1.5

0.5

Data/Sim.

site

=~ Sim. single &
=== Sim. single y

1 2
Min 100mm dE/dx in first 500 mm (MeV/cm)

TN
3 4 5 6

+ Data
% Final-state &*
‘_'t_{'t_% Final-state n°
0.7
liii} Cther

|

T2 3

i

0.6

0.5

0.4}

Fraction of events

—+— Data excess
----- Other NC n°
—— NC Coh

Reconstructed

hand” for all electron

neutrino analyses.
* No model! Sorry.

2 November 2018

E 6? (GeV x radian?)

shower

Min 100mm dE/dx in first 500mm (MeV/cm)

Fraction of events

Phys.Rev.Lett. 117 (2016) 111801

5 6 7 8

Fraction of events
(]
m

Unit normalized

+

Sim. errs = stat. @ sys.

Data excess
Other NC n°
NC Coh

—+— Data excess
05—~ Other NC n°

Extra energy ratio ¥

K. McFarland, MINERVA Interaction Model

P I P P U AT e waen e e -
2 4 6 8 10 12 14 16 18 20
Reconstructed E_, _ (GeV)
10—
E i ot —+ Data excess
1E ----- Other NC n°
: —— NC Coh
10'F ——
10_2 - Xl"" - —
g
10-3_
10E
10°

e | " bbb, " PR
1 10 102

In-line energy upstream of vertex (MeV) 11



A descriptive CCOmr Model

e Data that specifies the model
 Data that confirms the model

* Implications
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f we had a monochromatic neutrino
oeam, like electron scattering...

To do this in neutrino
scattering, we have to use
the final state observed
energy since we don’t know
Incoming neutrino energy.
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Since we don’t know neutrino energy...

* Must determine neutrino energy
from the final state energy.

" Kinetic energy P

* If that is known, * 1
I\ N
* Neutrino direction fixed -~ Kinetic energy "7
e Outgoing lepton is well measured. ~— N
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but the final state lepton EEEEI
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o but a related quantl.ty Figure courtesy P. Rodrigues
dependent on the details of the

- il ne g i = :
final state, “available energy avail = (Proton and n* KE)
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* Nieves 2p2h
model added to
GENIE prediction
used by
MINERVA.

e But it doesn’t
provide enough
strength at
moderate |q;].
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MINERVA v and anti-v, “low g”

II(

* Low recoil “Inclusive” v, cc interactions in antineutrinos
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Tune Alternatives

* MINERVA low recoil identifies missing

strength, but it doesn’t identify 0040 TTeco.q; GV <050
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MINERVA v pionless events (CCO)

* What if we take tune to inclusive data and feed it back to
predict muon distributions in an exclusive channel?
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MINERVA vV pionless events (CCOm)

* What if we take tune to inclusive data and feed it back to
predict muon distributions in a different exclusive channel?
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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”)?
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“Neutron momentum” from transverse
kinematic balance
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Summary of CCOmr Model Tune

* For these “least inelastic” events, we seem to have found
a model which explains: |
* Lepton energy distributions over MINERVA flux
 Details of proton (visible) recoil
* Neutrino and antineutrino

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

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

e Can it be applied to T2K, MicroBooNE energies?

2 November 2018 K. McFarland, MINERVA Interaction Model 22



Implications for NOVA and T2K

Event rate ratio: Tuned/Default
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Apply to T2K CCOTt... too muc
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Could the “MINERVA tune” be Energy

Dependent?

* At MINERVA energies, should we _
expect any? Not much. * It turns out that there is a general form for

energy dependence in exclusive and

daldQ* (nue L-S neutron mA=0.99) at Q°=0.3

: inclusive reactions on nucleons:
08l d
_ Q7=0.5 GeV Ef ———= A+ BE, + CE;
0l ~— Aterm dQ+dv
[ B term .
. * This holds for QE, 2p2h, etc.
term
T2K MINERVA
I An expansion similar to eq. (2.5) holds for E E my, in terms of k and q. Hence, whatever the
02F explicit form of the lepton and hadron currents:
o TEm,, LLWH=A+Bk-P+Ck-P)?, 2.7
5 ; o . l B 1|:1 a quadratic polynomial in the laboratory energy E;, = k+ P/M whose coefficients A, B and C
E depend on v, g2, and the reaction in question [L14, P2], It follows that if the interaction is of the
CCE on free neutrons 1% (GEV) current-current form then E? d%o/dq*dv is a quadratic polynomical in E,, (cf. eqs. (2.10) and
(2.11)) and therefore only three combinations of structure functions are obtained if the final
lepton polarization is not observed. An alternative way to obtain the same result is to note that
 What are the A, B, C terms? pronp g

C.H. Llewellyn Smith, Phys. Rep. 3 261-379 (1972), p. 280
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MINERVA tune, compared to data from Phys. Rev. D93, 112012 (2016)

* Applying to the C
term, as though
this were the
standard 1plh
Interaction, get
better agreement.

* However, without
a model, we don’t
know energy
dependence of
this missing
strength.



Conclusions



Cross Section Model at MINERVA

* MINERVA tunes pion production

and pionless events relative to
defaut GENIE | ~* Low Q? pion suppression and
W%, shiftin A peak not understood.

 Model still has deficiencies.

* Tuning generally improves

model description. * “2p2h” enhancement not

theoretically motivated, so

* New uncertainties, such
, energy dependence unknown.

as source of extra “2p2h”

strength. * Still see deficiencies that could

be Fermi gas model of 1plh
peak in transverse variables.

e Significant impacts forecast on
oscillation experiments, which
already incorporate these ideas.



Backup



Pion Selection and Kinematics

E, = E,, + Ey (En determined calorimetrically) E, = E,, + Ey (En determined calorimetrically)

® Reconstructed E € [1.5, 10] GeV ® Reconstructed E  [1.5, 10] GeV
o I1Im:W<1.4GeV
e NIT':W<1.8GeV

v, +CH — u~ + 17" + X(nucleons) 7, +CH — u" + 17~ + X(nucleons)

E,=E,+Ep0+21Tp4 Evix + Eexira E., = E,, + Ey (Ey determined calorimetrically)
® Reconstructed E € [1.5, 20] GeV ® Reconstructed E € [1.5, 10] GeV
e Invariant 1° mass € [60, 200] MeV/c? e Invariant T1° mass € [75, 195] MeV/c?
W< 1.8 GeV
v, + CH — p~ + 17° + X(nucleons) U, + CH = u + 17° + X(nucleons)

2 November 2018

Q= 2E,(Ey — pucos(bv)) — mi

W2, = —Q° + my + 2mnEx (mn = nucleon mass)

K. McFarland, MINERVA Interaction Model 30




