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What is MINERvA? Physics Goals

Physics Goals

Study neutrino-nucleus scattering at the few-GeV re-
gion
m Precision measurements on signal and
background processes relevant to oscillation
experiments
m Study nuclear effects to improve understanding
of neutrino-nucleus cross section and modelling
m Demonstrate experimental techniques that
benefit current and future oscillation
experiments
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What is MINERvA? Physics Goals

Rich Physics
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What is MINERvA? Physics Goals

Richer than Expected!

A. Schukraft, G. Zeller A. Schukraft, G. Zeller
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What is MINERvA? Physics Goals

Nuclear Effects Affect Oscillation

Charge Exchange &
Ly Elastic
Sca;tering

=@

0 2-particle-2-hole (2p2h)

Inside nucleus:

m Initial states and nuclear potentials Mo
. . . . Absorption
m Final state interactions,i.e.

» Pion production =

» Pion absorption
. . . Pion Production
m Multi-nucleon correlation, i.e. 2p2h
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Elastic
Scattering

Tejin Cai (University of Rochester)

What is MINERvA? Physics Goals

Neutrino kinematics are reconstructed from the energy-
depositing final states in the detectors.
Calorimetric reconstructions can go wrong:
m Pion absorption mimics QE, pion production mimics
RES
» E, reconstructed from the respective hypotheses
will be biased, and also inflate systematics
m Many pionless events involve multiple nucleons in
the final states,
» Significant energy and momentum are lost to the
extra outgoing nucleon. Invisible to T2K and
MINIBOONE and neutron challenging for NOvA.

In either cases, the neutrino/anti-neutrino energy recon-
struction will have bias and larger systematic uncertainties

MINERvA
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What is MINERvA? Physics Goals

MINERvA aids in developing more accurate nuclear models with
precision measurements and new techniques that disentangle the
nuclear mess.
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What is MINERvA? Physics Goals

MINERVA Timeline 20
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2013 Begin Medium Energy(ME) data run G} (GeV)
Measurement of Muon Neutrino Quasi-Elastic Scattering on
2019 End ME data run e ey e Qe e s e
N Ph Rev. Lett. 111, 022502 (2013
33 pUb“Shed papers to date Up?ﬂsatedeto reeﬂect constrained flux )

more in the pipeline

Data taking is over, but our analyses are not!
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What is MINERvA? Detector Description Neutrino Flux

MINERVA is on-axis in the 5 oo M
Fermilab's NuMI beam. 3 AL E
m LE v POT: 4.0e20 % 02 =oninay
LE flux overlaps with DUNE's. m LE 7 POT: 1.7e20 _:% 010 3
m ME v POT: 12.1e20 2 00 umsmwnnlm;;
i isti 0.06] ]
ME has higher statl:stlcs a_nd a ME 7 POT: 12.4e20 :
access to expanded kinematics 0.04
region.
we are here!
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What is MINERvA? Detector Description

High Resolution Scintillator(CH) Detector
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What is MINERvA? Detector Description
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What is MINERvA?

Sensitivities to Many Final States

m MINERvA's plastic scintillators

are sensitive to small energy
deposits

m Hadronic recoils are measured from

calorimetry

m Tracking threshold (KE) for proton

is ~100 MeV
m Neutrons can deposit visible

energies (albeit small) after recoil

inside scintillator

Tejin Cai (University of Rochester)
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Flux

Constraining flux
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Flux

m Neutral current processes
ve —» ve

© MINERwVA pioneered the method ve —ve

m At m. < E,, electrons are very
forward going

Flux Normalization: v — e Scattering

© v - eis standard electroweak
process with precisely predicted
Cross section m The total number of v — e events

® 2000x more rare than v — A provides strong constraint on the

interactions flux normalization

<

. !EI‘AI HCAL
» -
' <
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Flux

Phys. Rev. D 93, 112007 (2016)

. Paper plot has been updated to reflect
Results with NuMI Low Energy Beam our best understanding of the flux
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We've performed the first in-situ flux normalizaiton measurements in the
few-GeV region.
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Flux

arXiv:1906.00111 (2019)
New Results with NuMI Medium Energy Beam
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Reduce normalization unertainty on integrated NuMI v, flux from 7.5% to 3.9%.

8x statistics demonstrates v — e analysis is viable for future oscillation experiments
such as DUNE.
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Flux

Phys. Rev. D 94, 112007 (2016)

Flux Shape: the Low- Method for v «< E,

do  GEM
dv

2E2 1+R

and we can derive the flux for v < vg:

UZ/(DI/ - Bz/)
€,05PNEHtarget x AE
vp=0.3,0.8,2.0 GeV

€,. Acceptance correction
AE: Energy bin width

U,(D, - B,): Unfolded event rates after
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Flux

Flux Shape: the Low- Method for v «< E,

Phys. Rev. D 94, 112007 (2016)

G2M 1 Mx(1-R 2
do _ G / oo [F2 F xF3]+ z MFz b [ ¢xF3] dx ~ const
v 7 Jo E, 2E2| 1+R, 2E2 [1+R,
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2 - —]
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Flux

Flux Shape: the Low- Method for v «< E,
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and we can derive the flux for v < vg:
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Flox Phys. Rev. D 95, 072009 (2017)
Flux Shape: the Low- Method for v «< E,
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and we can derive the flux for v < vg:
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Flux

B MINERVA has demonstrated in-situ flux constraints:

Normalization: v — e scattering
Shape: low-v method

m Low-v method measured inclusive cross-section and provided an excellent
cross check of our flux and agreement with the simulation gives us high
confidence in the flux

m MINERvVA will extend the low-v measurement to the Medium Energy

m We are working on a joint analysis between the Low Energy and Medium
Energy sample to constrain the flux for a high- sample

Stay Tuned!
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Model Tuning

Model tuning

Tejin Cai (University of Rochester) MINERvA August 26, 2019 19 /49



Model Tuning

Glossary

GENIE: the neutrino-nucleus interation generator used to simulate events
MnVGENIE-v1l: A tuned configuration of GENIE based on our Low Energy results

Random phase approximation (RPA), the long-range correlation
Phys. Rev. D 88, 113007 (2013)

Non-resonant pion production tuned to deuterium bubble chamber data
Eur.Phys. J. C76, 474 (2016)

Valencia 2p2h model (incorporated into newer GENIE versions )
Phys. Rev. C 83, 045501 (2011)

@ Data-driven tune on the Valencia 2p2h model based on low recoil analysis
Phys. Rev. Lett. 116, 071802 (2016)
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Model Tuning

Glossary

GENIE: the neutrino-nucleus interation generator used to simulate events
MnVGENIE-v1: A tuned configuration of GENIE based on our Low Energy results

Random phase approximation (RPA), the long-range correlation
Phys. Rev. D 88, 113007 (2013)

Non-resonant pion production tuned to deuterium bubble chamber data
Eur.Phys. J. C76, 474 (2016)

Valencia 2p2h model (incorporated into newer GENIE versions )
Phys. Rev. C 83, 045501 (2011)

m Data-driven tune on the Valencia 2p2h model based on
low recoil analysis
Phys. Rev. Lett. 116, 071802 (2016)
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Model Tuning Phys. Rev. Lett. 111, 022502 (2013)

Back to our very first CCQE results [ Phys. Rev. Lett. 111, 022501 (2013)
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Low Recoil Analysis
MINERvVA has very good calorimetric re-

Model Tuning

Define a charged hadronic energy es-

sponses, but terrible particle ID for low energy

final states

timator in place of qo:

Eavail = Z TP + Z Trs

+ Z Eparticles other than neutrons

o A
o N

true energy transfer (GeV)
(=]
oo

e <
c Y]
olll|r|v||l|[||r

doldg dq_ (10 cm?GeV?)

-3 GeV neutrino +carbon

: GENIE 2.8.4 with reduced =

[ lines W =938, 1232, 1535 MeV

Phys. Rev. Lett. 116, 071802 (2016)
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Model Tuning

Low Recoil Analysis

MINERvVA has very good calorimetric re-

Define a charged hadronic energy es-

sponses, but terrible particle ID for low energy

final states

a
X

doldg dq_ (10 cm?GeV?)
3 GeVneutrino +carbon
GENIE 2.8.4 with reduced =
lines W =938, 1232, 1535 MeV

o
=3

e
=)

true energy transfer (GeV)
(=] (=]
o )

e
Y]

0.4 .6 0. .0 1.
true three momentumtransfer (GeV)

Phys. Rev. Lett. 116, 071802 (2016)
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Model Tuning

Has all the MINERVA tunes except 2p2h modification:
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Has all the MINERVA tunes except 2p2h modification ...

2p2h to fill in the deficiencies
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20
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10°

Model Tuning
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== Nominal 2p2h
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m— Best fit QE
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Model Tuning Phys. Rev. Lett. 120, 221805 (2018)

Neutrino, 3 33e20 LE-beam POT, M\NEHVA Preliminary Anll Neutrmo 1. 02920 LE heam F’OT MINERVA Preliminary
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We also consider the effects on anti-neutrino.
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Data / MC

Tejin Cai (University of Rochester)
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Model Tuning

Neutrino, 3 33e20 LE-beam POT, MINERVA Preliminary
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Phys. Rev. Lett. 120, 221805 (2018)
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Neutrino tune works! There seems to be low Q2 supression
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QE

Applying tuning: QE
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Applications of MINERvA Tunes «

d’o/dp_dp, (x10°*° cm?/GeV?/c%/nucleon
QO a0 WO N WO W

Phys. Rev. D 97, 052002 (2018)

15« p"lGeV <20 20<p /GeV <25 25< p“fGa\.‘ <30 30< p”fGeV <35
H I
s ﬁ_‘ : _[‘F&Lﬁ
35< p"JGa\f <40 40<p /GeV <45 45< p"IGeV <50 50<p (GeV<6.0
x2 x4 x4 x4
6.0< p"JGaV <80 80< p”_J’GeV <10.0 10.0 < p /GeV < 15.0
%10 %20 x 30
MnVGENIE-v1
J'EL_LH N Default GENIE
05 10 15 05 10 15 05 10 15

Muon transverse momentum (GeV)

v double differential CCQE-Like measurements
m Better agreement between data and MC
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Applications of MINERVA Tunes © Phys. Rev. D 99, 012004 (2019)

o
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v double differential CCQE-Like measurements
m The tune improves agreement between data and MC
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Applications of MINERVA Tunes © Phys. Rev. D 99, 012004 (2019)
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v double differential CCQE-Like measurements

m The tune improves agreement between data and MC
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Applications of MINERvVA Tunes °©

Phys. Rev. D 99, 012004 (2019)
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Vertex Energy

v double differential CCQE-Like measurements

m Discrepancies in the higher vertex energy region—more protons?
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Applications of MINERVA Tunes © Phys. Rev. D 99, 012004 (2019)

x10%°

10,_ + MINERVA Data

= —— MnvGENIE i
8

m More vertex energy in the S — GENIE284
lowest p7 bins £
>
[0
m More cross section in the o
2 ; &
lowest QG bins S
e

m Low Q? suppression, we
think it's due to pions

do/dQ

10 102

-1
Q2 (Gje(\)/z)
v double differential CCQE-Like measurements

m Discrepancies at the lowest Q3 bins
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Applications of MINERVA Tunes © Phys. Rev. D 99, 012004 (2019)

] L

Highest Q3 bins:
MNnVGENIE-v1+ Z-expansion

Data/MnvGENIE v1
o
Q@ =

MINERVA Data

MnvGENIE v1 + Z-expansion

Q" 1
Q2 (GeVg)

10° 10

v double differential CCQE-Like measurements
m Dsicrepancies at the highest QéE bins suggesting non-dipole form factor
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QE

Going to higher dimensions dig up hidden discrepancies
Our ME results will feature much more statistics
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Neutron Tagging

Seeing neutrons
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Neutron Tagging

Bonus background from low recoil analysis: neutrons!

Phys. Rev. Lett. 120, 221805 (2018)

@ 14

5 12pF= 0 < neutron KE < 60 MeV

> o

S ok | | e 60 < neutron KE < 120 MeV
g oF = — — 120 < neutron KE < 180 MeV
e F

g SF

k=l E

S 4=

2 E

@ o

S LB

2 o

7 obeda ——r

> 0 2 4 6 8 10 12 14 16 18 20 22 24
2

Reconstructed isolated energy deposit (MeV)

A lot of hadronic energy in anti-neutrino events
come from neutron. E,.; treat neutron energies

as background.
But we can also treat neutrons as the signal!

strip number

Tejin Cai (University of Rochester)

MINERvA

arXiv:1901.04892v1
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Neutron Tagging

Neutron candidates energy deposits 2rAivL901. 048921

'§ 0.4< q_ <08 Gevic t data
@ — MC total
[
% 0.4t , — GENIE neutron
4 X
g —-proton 1@ T
S ol b= ™ and EM
©
o
(6]
=
s
8
5
0. 0 20

40 60
candidate Edep (MeV)

Large discrepancies in the fraction of the lowest
energy candidates, otherwise our simulation
reproduces data well.
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Neutron Tagging

Neutron candidates multiplicity 2rAivL901. 048921

~ 80 _ — —
S QE-rich dip [ delta-rich
. .. . g 0.4<q3<0.8GeV t data
Regions are divided according to E . = — MnVGENIE-vi.1
and the predicted dominant processes dif- =2 —-RPA, no 2p2h
fer: e no RPA, no 2p2h
: 40 ;
QE-rich: QE and 2p2h —'—__.:,:‘
dip: 2p2h ’ —
g 20
A-rich: A and some 2p2h L]
Neutron candidate multiplicities have ] ,
Iarger dlscr.epanaes in the dip and A-rich L |+ .
region, mainly due to the lowest energy O —reeememrmeeees e =5
candidates. -5 —— 7
0O 1 2 3+ 0 1 2 3+ 0 1 2 3+
neutron candidate multiplicity
MNnVGENIE-v1.1 includes additional coherent pion production tuning based
on Phys. Rev. Lett. 113, 261802 (2014) and Phys. Rev. D 97, 032014
(2018)
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Neutron Tagging

Some open questions on neu-
tron detections being explored at

| 05, Reaction Plane Angle |

MINERvA :
C —e— Data rea Normalize
. 0
m Apply the same analysis to the Wb [ aime \ cuts
nuclear targets? o F —ccaen H {
° 50— Recoil Energy Cut
m Turn candidate multiplicity to 3 o f —cceEc m w0
neutron multiplicity? 2 E —omer \* H
. : a F
m Estimate the energy carried away = | E sampl + ﬂ
by neutrons with direction 10F- P W+ |
information? of /
— Awe;yzfrom l;;a?n axis - 0 6, (?ad) 08 Cllser to l:ésam axisza
m Measure proton form factor from
vH - ptn? An angle with respect to free proton scattering
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Final States Interaction

Disentangling the nuclear mess
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Final States Interaction Phys. Rev. Lett. 121, 022504 (2018)

Comparing the transverse compo-
nents between the leptonic and
hadronic final states offer new in-
sights into nuclear effects.
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Final States Interaction

s GENIE No-FSI ('7.9)
..... GENIE Nominal
[l »-FS! Non-interacting
I o-FSI Acceleration
p-FSI Deceleration
n-FSI Absorption 1
—— MnvGENIE-v1 q
® Data

T
n

do/ddp_ (cm?/GeV/ c/nucleon)
do/dp_ (cm?/GeV/c/nucleon)

0.4 0.6
8pT (GeV/c)

We can infer the initial neutron momentum from
dpr and shift in longitudinal proton momentum.

Tejin Cai (University of Rochester) MINERvA

----" GENIE No-FSI (‘11,5)
-+ GENIE Nominal
Il p-FS! Non-interacting
B p-FSI Acceleration
p-FSI Deceleration
n-FSI Absorption
—— MnvGENIE-v1
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Final States Interaction

s GENIE No-FSI ('7.9)
..... GENIE Nominal
[l »-FS! Non-interacting
I o-FSI Acceleration
p-FSI Deceleration
n-FSI Absorption 1
—— MnvGENIE-v1 q
® Data

T
n

do/ddp_ (cm?/GeV/ c/nucleon)
do/dp_ (cm?/GeV/c/nucleon)

0.4 0.6 0.8 1
8pT (GeV/c)

We can infer the initial neutron momentum from
dpr and shift in longitudinal proton momentum.

Weird “accelerating” FSI turns out to be a
bug in GENIE, and we've found a solution.
arXiv:1906.10576

Tejin Cai (University of Rochester) MINERvA
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Final States Interaction

In collaboration review

5ﬁT qr = —ﬁ%

(gl

PTx LN

>

Turns out the projections of dpr
w.r.t. a muon-centric coordinate
system are sensitive to different
nuclear effects.
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Final States Interaction

<107 3.28 x 10%° POT
'g 75_ —o— Data
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8
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05 ‘H-+ % %0.5
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Tejin Cai (University of Rochester)

dpry is sensitive to the binding en-
ergy implementation in GENIE

Default GENIE implements Relativistic
Fermi Gas (RFG) model with the Moniz
interaction energy (Nucl. Phys. B43, 605
(1972)), which are incompatible.

Modifying GENIE final state particles’
energies according to theory motivated
correction (Eur. Phys. J. C. (2019) 79: 293)
improve agreements between data and
MC.
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Final States Interaction
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Tejin Cai (University of Rochester)

In collaboration review
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Non-zero dpr, should be due to Fermi
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motion

hints of unmodelled asymmetry that we

think are pion absorption events
(arXiv:1907.11212)

MINERvA
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Plers arXiV:1903.01558, submitted for publication
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Summary

Summary

MINERVA has demonstrated:

B in-situ flux constrain
» U — e scattering
» low-v
m tune or identifiy model deficiencies

» low recoil fits to 2p2h
» transverse kinematic imbalances

B see the elusive neutrons

B measure cross sections to
higher dimensions
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Summary

Outlook

Medium energy side:

B v — e cross section submitted for
publication

m CCQE v and 7 in the tracker
m CCQE analysis in the targets

Low energy side:
m 33 published results
m 2 were submitted for publication

m 3 more Low Energy results almost

m Pion productions in the tracker and
ready

nuclear targets
m DIS/SIS analysis
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Summary

Backup
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Summary

v — e Resolution and Uncertainties

> _; Source Uncertainty (%) > 03F
£ o6 — Unconstrained £ E Total Uncertainty
Foul 4 Be 0.21 8 gosf — o
g 012 — Constrained 3 v S 0'25:_ Electron Reconstruction Iteraction Model
= F B Electron Reconstructi 0.57 2 3
"_=- 01:7 7: ectron econstraction i 5 02:_
§ ooef E Interaction Model 1.68 ® E
2 oosf- E 5 O15F
2 004 E Detector Mass 1.40 “g 0 1:_
Offi T PP PP - Total Systematic 2.27 w F
SBonc E 0.05F-
%%Due; 2 E Statistical 1.17 F - -
Bl : el - % 5 10 15 20
L T S N S I e : - Electron Energy (GeV)
E, (GeV)
Resolutions (lowest energy to highest energy bin)
Energy resolution: 40 MeV ~ 60 MeV
Angular resolution: 0.7° ~ 0.3°
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Summary

Interaction Plane

| = N Incoming Neutrino HC Angle outside the plane
—

QR Angle inside the plane
sl EXxpected Neutron Direction
‘ Main Neutron Candidate
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Summary
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Tejin Cai (University of Rochester)
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Asymmetry in 70

Summary

measurments

POT Normalized
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Phys. Rev. D 96, 072003 (2017)
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The asymmetry in the Adler's ¢ angle has been observed in the 70 result. Stuck
pions could in principle exhibit the same asymmetry and affect the observed final
state proton through momentum conservation.

Tejin Cai (University of Rochester)
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