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Outline

» Cross section needs for the neutrino
oscillations program

* Recent highlights (incomplete!) from several
experiments:

- NOVA

- MicroBooNE
- MINERVA

- ANNIE

- ArgoNeuT

 Electrons for neutrinos (e4v)

ArgoNeu'l




Challenges In neutrino-nucleus cross section modeling

* Experiments need cross section _ A. Schukraft, G. Zeller
models that predict

Quasi-elastic
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- All final-state observables for
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- All important processes for

- Many nuclear targets
including inactive detector
components and the
surroundings
(“dirt backgrounds™)
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* Cross section measurements . ). @ o

essential to benchmark theory Nuclear effects

, Also referred to as MEC « u
and help make It better (for Meson Exchange Current) 3



Neutrino event generators

* Implement neutrino scattering theory for
simulations by experiments

- Full predictions for all relevant neutrino
energies, reactions, and nuclei

* Several modern generators are widely
used: GENIE, GiBUU, NEUT, NuWro

 GENIE especially popular at Fermilab

- Employees and users actively
contribute to its development

- Backup: Preview of GENIE v3.2



http://old.inspirehep.net/record/1672901
http://old.inspirehep.net/record/1672901

The NOVA experiment e

Catcher
* |_ong-baseline neutrino oscillation

experiment (see earlier talk by S.

Calvez) Alternating planes
allow for 3D imaging

e 300-ton near detector

- Tracking calorimeter built using
plastic cells filled with liquid
scintillator

-1 km from NuMI target

- Enables high-statistics cross
section measurements

 This talk: CC inclusive analyses

» See also NC COH m® paper Nevelenath shifing |
Phys. Rev. D 102, 012004 (2020) fibersread outbya

single pixel on an
avalanche photodiode



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012004

NOvVA: CC inclusive measurements

* Two double-differential CC inclusive results
(lepton energy & angle)

-Ve + A2 {4+ X

Reconstructed T, (GeV)

- Particle ID via Boosted Decision Trees (BDTs)

ev,: 172 bins, 1M+ selected events
-HPC @ NERSC for systematics
-J. Paley, JETP seminar, 31 July 2020

E, (GeV)

*ve: 17 bins, ~10K selected events
- First ever 2D result for ve
- M. Judah, JETP seminar, 7 August 2020

2.5

N

—h
&)

—
|}

O
o
o

0.6 0.7 0.8 0.9
Reconstructed Cos6,

1

NOVA Simulation

—
—

NOVA Simulation

cos 6,

[ 1 1 [ 1 1
1 I_
k.
=

|
—
o=

L

—
=

Events/8.09 x 10%° POT



NOVA Preliminary
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Measurements shown
in “cosine slices”

. Data (Stat. + Syst.)

GENIE 2.12.2 - NOVA Tune

Good overall
agreement with tuned
prediction
(p-value = 0.93)
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NOVA Preliminary
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vy CC Inclusive results ~— Data (Stat. + Syst)

- GENIE 2.12.2 - NOVA Tune
NOVA Preliminary NOvA Prellmlnary
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vy CC Inclusive results ~— Data (Stat. + Syst)
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vy CC Inclusive results ~— Data (Stat. + Syst)
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Ve CC inclusive
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Ve CC inclusive
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The MicroBooNE experiment

* Liquid argon time projection chamber (LArTPC) in the
Booster Neutrino Beam

- 60-ton fiducial mass
* Largest sample of v-Ar interactions collected to date
* Primary physics goals

- Investigate low-energy excess (LEE) of electron-like
events seen by MiniBooNE

- Pursue first high-statistics measurements of neutrino-
argon cross sections (several recent publications)

* This talk: CC inclusive, CCQE-like, NC1p

* Other recent results
- Track multiplicity: Eur. Phys. J. C 79, 248 (2019)
- v, CC 1% Phys. Rev. D 99, 091102(R) (2019)

Events/MeV

______

] v, fromu*"
) v, from K™
[/ v, from K°

I ~° misid

1 A—=Ny

I dirt

[ other

Constr. Syst. Error

| | | | | |
Data (stat err.)

Best Fit

1.2 1.4 3.0
EYE (GeV)
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https://link.springer.com/article/10.1140/epjc/s10052-019-6742-3
http://www.apple.com
https://link.springer.com/article/10.1140/epjc/s10052-019-6742-3
http://www.apple.com

MicroBooNE: v, CC inclusive analysis

* First double-differential measurement for v,
CC in argon: Phys. Rev. Lett. 123, 131801
(2019)

e Surface detector — often 20+ cosmic rays /
event

- 4.8 ms TPC readout window

- Variety of techniques used to achieve
99.9% cosmic rejection

* All models overpredict in high-momentum,
forward-going bins

- GENIE v2 disfavored compared to other
generators

- Backup: Improved measurement underway
with drastically reduced systematic
uncertainties
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801

MicroBooNE CCQE-like cross section

arXiv:2006.00108 [hep-ex]

* Recently submitted to PRL arXiv:2006.00108 18
MicroBooNE Data 4.59%x10'” POT
e Signal definition: “CC1p0rmt” PP — Mlgm o0 ata S
- 1 muon (p, > 100 MeV/c) - (S}Enl\lllllgﬂlgn - —_
Ul= 12} ommal ..
- 1 proton (ps > 300 MeV/o) - GENIE v3.0.6
- ' ' é 0 NuWro 19.02.1  ...o...
Cuts to enhance CCQE contribution = NEUT 95 4.0
* Purity: ~84% CC1p0rmt (~81% CCQE) sz 6 GiBUU 2019 {
* Efficiency: ~20% © \ mim
* Single-differential results obtained for several i ______ L. i
Kinematic variables of ~- !. . -
- Backup: plots for py, pp, cos 6 07 04 O'QOS(GH) o 08 1D

 Good agreement with generators, except at
very forward muon scattering angles (low Q?)

"GENIE Nominal” is the default
configuration of GENIE v2.12.2,
which was used in the analysis


https://arxiv.org/abs/2006.00108
https://arxiv.org/abs/2006.00108
https://arxiv.org/abs/2006.00108
https://arxiv.org/abs/2006.00108
https://arxiv.org/abs/2006.00108

MicroBooNE NC1p cross section

e Signal definition:
- 1 proton (pp > 200 MeV/c)

- No other detected particles

NC1p candidate event

- Main component is NC elastic
scattering (NCEL)

5 x10°% 5.45 x 10* POT MicroBooNE Preliminary

» Single-differential cross section N
. % - —4— Data (Statistical Uncertainty)
extracted in terms of reconstructed o E | I Ep—
» a E :_ P GENIE v3.0.6 G18_10a_02_11a
proton Kinetic energy L. 65 |1 1 MICROBOONE-NOTE-1067-PUB
- 5
- Includes events down to § El B
Q2 ~2mpTp = 0.1 GeV-, | _,
significantly lower than E
previous measurements ya -- '}‘le |
:||||||| i'—
e Future deveIOpment toward an §05 01 015 02 025 03 035 04 045 05

NCEL-like cross section Kinetic energy T (GeV) -


https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1067-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1067-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1067-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1067-PUB.pdf

The MINERVA experiment

* Dedicated specifically to studying
neutrino cross sections

- 6 new papers since last Users
Meeting

» Last data collected in February 2019.
Analyses continue.

e Operated in the NuMI beam line in two
modes

- Low Energy (LE) = 2005-2012
- Medium Energy (ME) — 2013-2019

» Segmented “active tracker” (CH

scintillator) and passive nuclear targets
(He, C, H20, Fe, and Pb)

- Study A-dependence of cross
sections

* This talk: v-¢ , CCQE-like, and neutron
measurements

. -. ¢
= "W L0 . SN
FEEEN S S e

Recent cross section results from MINERVA:
v, CC inclusive: Phys. Rev. D 101, 11 (2020)

v, CC n: arXiv:2002.05812 (submitted for publication)

v, CCQE-like: Phys. Rev. Lett. 124, 121801 (2020)

BE & transverse momentum imbalance: Phys. Rev. D 101, 092001 (2020)
Flux constraint via v-e scattering: Phys. Rev. D 100, 092001 (2019)

v, CC 7 : Phys. Rev. D 100, 052008 (2019)
See https://minerva.fnal.gov/recent-minerva-results for many more!
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https://arxiv.org/abs/2002.12496
https://arxiv.org/abs/2002.05812
https://arxiv.org/abs/1912.09890
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092001
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.100.092001&v=30fd7edb
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052008
https://minerva.fnal.gov/recent-minerva-results
https://arxiv.org/abs/2002.12496
https://arxiv.org/abs/2002.05812
https://arxiv.org/abs/1912.09890
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092001
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.100.092001&v=30fd7edb
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052008
https://minerva.fnal.gov/recent-minerva-results

The MINERVA experiment

» Dedicated specifically to studying
neutrino cross sections

- 6 new papers since last Users
Meeting

» Last data collected in February 2019.
Analyses continue.

e Operated in the NuMI beam line in two
modes

- Low Energy (LE) = 2005-2012
- Medium Energy (ME) — 2013-2019

» Segmented “active tracker” (CH
scintillator) and passive nuclear targets
(He, C, H20, Fe, and Pb)

- Study A-dependence of cross
sections

* This talk: v-¢ , CCQE-like, and neutron
measurements
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MINERVA v-¢ analysis: in situ flux constraint

« Neutrino flux predictions typically good to 2 _E
~10%, key input for oscillation analyses N 5005 —4— Data
(72 —
— . = - — Simulation
e U-e~ cross section small but well-known S  00F-
LLl —
- “Standard candle’ = 3005_ “Simulation” shows_pr_e::icted
200 - events given a priori flux
- Technigue demonstrated by MINERVA for cooF
LE data in 2016 (Phys. Rev. D 93, 112007) s
, o 0 2 4 6 8 10 12 14 16 18 20
* New ME analysis has higher statistics (9x) Electron Energy (GeV)
and an improved treatment of systematic ) Phys. Rev. D 100, 092001 (2019)
uncertainties O-16>:<'1'O'I"'I"'I"'I"'I"'I"'I"'I"'I"': 0.2:"I"'I"'I"'I"'I"'I"'I"'l"'l":
0.14 = E
* Event rate in reconstructed Ec compared to a - ozf Unconstrained £ 0.6F- Unconstrained  —
priori prediction S o — consaned ] BVF — Constained
- [ _ > 0.12 —
. O o3 ] a n ]
« Bayes’ theorem used to constrain the flux L 1 2 o wm—H_Hq_;
: 0.06— — S 0.08 =
model given the observed data S -3 s N
= " . | E_ —E ugi ul — =
 Improved precision will benefit all MINERVA 002 T F E
ME analyses \30.9_ P B T T e B PRI I —— ;EOC’?Z; ] ] ] ] " | | | | .__
- Strategy can be applied to other f2oml [— 1 850k -
S So084 — — SSoss b l_l_:_l_;_ !

0 2 4 6 8 10 12 14 16 18 =20

experiments | e by b e b b b b b 1 0'50:”21”41”6”18”11101”1121”1141”1161”1181120 20
E, (GeV) E (GeV)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112007
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001

MINERVA v, CCQE-like cross section

¥2 MnvGENIE v1: 1194/184 bins

* First ME cross section publication
Phys. Rev. Lett. 124, 121801 (2020)

- Uses v-e  result to reduce flux
systematic uncertainties

» Signal definition: 1 muon, 0 mesons,
0 heavy baryons, and any nhumber of
hucleons

- Note that this definition of
“CCQE-like” is different from
MicroBooNE’s (CC1p0m)

 Data compared to generator
predictions, including special GENIE
v2.12.6 tunes by MINERVA

- MnvGENIE v1: RPA corrections
to CCQE + add 2p2h + adjust
non-resonant mt production

(x10"%° cm?/GeV?/c?/Nucleon)

d%/dedp
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.121801

MINERVA v, CCQE-like cross section

* First ME cross section publication
Phys. Rev. Lett. 124, 121801 (2020)

- Uses v-e  result to reduce flux
systematic uncertainties

» Signal definition: 1 muon, 0 mesons,
0 heavy baryons, and any nhumber of
hucleons

- Note that this definition of
“CCQE-like” is different from
MicroBooNE’s (CC1p0m)

 Data compared to generator
predictions, including special GENIE
v2.12.6 tunes by MINERVA

- MnvGENIE v1: RPA corrections
to CCQE + add 2p2h + adjust
non-resonant mt production

(x10"%° cm?/GeV?/c?/Nucleon)

d%/dedp
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¥2 MnvGENIE v1: 1194/184 bins

1.5< p”/GeV <20

- MINERVA Data ||
== MNVGENIE v1

=== Resonan t

4.0 < p”/GeV <45

7.0 < p”/GeV <8.0

2.0 < p”/GeV <25 2.5 < p”/GeV <3.0 3.0< p”/GeV <35

g

4.5 < pl/GeV <5.0 5.0 < pl/GeV <b5.5 5.5< p/C eV < 6.0

8.0 < p”/GeV <9.0 9.0< p”/GeV <10.0 || 10.0< P /GeV <15.0

><10-

2 0 1 2
Muon transverse momentum (GeV)

&*

3.5 <p (GeV < 4.0

60<p <7.0

150<p/GeV<2OO

Underprediction of the cross section for high pt

and both 3 < pi/GeV < 5 and 9 < pi/GeV < 20.

Tuning of QE contribution needed?

Backup: 1D do/ dQéE measurement
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https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.121801

Triple-differential v, CCQE-like cross section Ny

 Extend analysis to 3D

20 3.90 < P, [GeV] < 8.00
- Correlate 2 Tp with muon T 000< pr <015} 015< pr <025 | 025< pr <040

Kinematics % MINERVA Preliminary

llllllllll

0.70 < PT <1.00 | _1.00 < Pt < 2.50

- Very sensitive to nuclear effects!

e Reveals need for substantial model
Improvements

- Combination of FSIs &
2p2h+RES strength

Ratio to MnvGENIEv1

-

-
—
-/\_’_///
4

P e = =¥

00 05 10 15 00 05 10 15 00 05 1.0 15

LT, (GeV) —e— MINERVA data
— MnVGENIE v1

QELike-QE

D. Ruterbories, JETP Seminar, 25 October 2019 —— QELike-RES
QELike-DIS
—— QELike-2p2h
- = = = 2p2h without fit


https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf

Triple-differential v, CCQE-like cross section Ny

* Extend analysis to 3D 3.50 < P [GeV] < 8.00

_ Correlate ZTp W|th muon 0.00 < PT <0.15 [ 0.15 < PT <025 : 0.25 < PT < 0.40
klnematICS a MINERVA Preliminary
- Very sensitive to nuclear effects! g 1
= |
e Reveals need for substantial model g
Improvements =
- Combination of FSlIs & =
C
2p2h+RES strength
» Data/MC ratio is mostly consistent
across pi bins = good modeling _ e
of energy dependence 00 05 10 15 00 05 10 15 00 05 10 15
) . : s T. (MeV —é— MINERVA data
An exception is low pr » (MeV) MNVGENIE o
. . QELike-QE
D. Ruterbories, JETP Seminar, 25 October 2019 QELike-RES
QELike-DIS
—— QELike-2p2h

- = == 2p2h without fit 24



Neutrino-induced neutrons in MINERVA

* Neutron multiplicities and kinematic
distributions are difficult to predict

- Substantial differences between

generators 0.07 , ,
' MINERVA simulation
- Modeling of secondary neutron 0.06 “ MnvGENIE-v1.1
production also needed (Geant4) f
. . . c 0.05 | — = NuWro
o LE analysis: v, CC in CH active tracker o
()
= 004F \ e NEUT
- Phys. Rev. D 100, 052002 (2019) g
- Multiplicity, time-of-flight, position, & 003 3 GeV 7, on C
speed (1/B), Edgep 5 0.02 E\ gs < 0.8 GeV
. . . . = e KEn > 2 MeV
- Detection via p recoils, inelastic n-C =
scatters 0.0 :
(p, vy, fragments) = ~10 MeV kinetic ok
energy threshold 0 20 40 60 80 100 120 140 160 180 200

. neutron kinetic energy (MeV
 ME analysis in progress 9y (MeV)

- More efficient, 7.5x more datal

- Data for multiple targets
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052002
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001

Neutrino-induced neutrons in MINERVA

Passive Carbon Target

* Neutron multiplicities and kinematic
distributions are difficult to predict

- Substantial differences between
generators

- Modeling of secondary neutron
production also needed (Geant4)

« LE analysis: DM CC in CH active tracker

- Phys. Rev. D 100, 052002 (2019)

- Multiplicity, time-of-flight, position,
speed (1/B), Edgep

- Detection via p recoils, inelastic n-C
scatters
(p, v, fragments) = ~10 MeV kinetic
energy threshold

 ME analysis in progress
- More efficient, 7.5x more datal

- Data for multiple targets

candidates / event

data / MC
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https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://indico.fnal.gov/event/23110/contributions/190690/
https://indico.fnal.gov/event/23110/contributions/190690/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052002

The ANNIE experiment

* Water Cherenkov detector e —
installed in the Booster Neutrino |
Beam (~100 m from target) e i

oll 71 | (MRD)
- 26 tons of Gd-loaded water  [phowsensor: Z

* Physics mission: measure x 7'
neutrino-induced neutron yields
as a function of outgoing lepton () revton
Kinematics

» Capture-based strategy "

(no threshold) Y

- Complementary to MINERVA
measurements based on Gd-loading allows neutron tagging
neutron scattering with high efficlency

Capture cross section: 5x104 barn
Total energy in y-rays: ~8 MeV



https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://indico.fnal.gov/event/23110/contributions/190690/
https://indico.fnal.gov/event/23110/contributions/190690/

AN N I E Status: nGUtri nos ANNIE Cluster Times (>5 p.e.) - Run 1634

| 1.6 us o
00000 a ANNIE Preliminary

14000 [

000000
Clearly elevated

* Physics-quality data taking ..
expected to start this Fall o

* First beam neutrinos seen:
elevated tank activity during

1.6 pysec beam spill

e /0 pysec readout window o — L
spans multiple capture times »




ANNIE status: neutrons

e AmBe source calibrations have
now been performed

- Determine efficiency for tagging
neutron captures

- Source data consistent with
expected capture time
distribution

 ANNIE can see neutrons!

 Beam-correlated neutron
backgrounds previously found to
be manageable in ANNIE Phase-|

- JINST 15 (2020) 03, P03011

1 No source
1 Source

Number of candidates

0
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Neutron candidate time (ns)

w
o
o

- Best total fit =37 £ 7us
- Flat bkg. fit
[ Source data

Number of candidates
— N) N
o un (-] unl
o () o o
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https://iopscience.iop.org/article/10.1088/1748-0221/15/03/P03011
https://iopscience.iop.org/article/10.1088/1748-0221/15/03/P03011

The ArgoNeuT experiment

ArgoNeuT Run 661 Event 30777 @2009-10-04 12:22:02 UTC (induction view)

« Small LArTPC (40x47x90 cmb3)
that operated in the NuM|
beam line from 2009-2010

 Many pioneering

measurements Ve CC candidate event display
_ Phys. Rev. D 102, 011101(R) (2020)
e Placed in front of MINOS near
detector

- Tracking muon spectrometer

ArgoNeuT MINQOS near detector
250 kg LAr 980 ton steel tracker



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.011101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.011101

Ve CC candidate event display

ArgONQUT De + Ee CC inCIUSive anaIySiS ArgoNeuT Run 661 Event 30777 @2009-10-04 12:22:02 UTC (induction view)

* First measurement of this cross
section on argon

Phys. Rev. D 102, 011101(R) (2020)

L 40

ADC

- 20

0

» 13 events identified using fully

—20

automated selection & reconstruction ; " T—
0.1 x10
. 0.09 0. [degrees] | doy, 4, /df, [10738 cm?/Ar/°]
* Good agreement with GENIE oo 0-10]  coze2rri:
10 — 20 1.80 4 1.421 922
0.07 20 — 30 3.00 + 2.4570:35

GENIE

—I— data (stat. err.)

 Backup: Demonstration of MeV-scale

reconstruction in a LArTPC -+ 0.04 T aata (tot. err.)
Phys. Rev. D 99, 012002 (2019) ; ”

0, [degrees]


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.011101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.011101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002

A. Ashkenazi, Neutrino 2020

- Fe(ee'): 0.961 GeV at 37.5° o = .
Electrons for Neutrinos (ed4r) _ | = ©coooov 3 | Cen Emme
% GENIE (Total) g
: © z
* Electron-nucleus scattering shares many g =
. . - . S B >
similarities to the neutrino case = -
[ O
C . oo t | 2
* Projectile energy precisely known |G 107 &
. . ' z 0 ==
- Test energy reconstruction techniques oL — Ozm 04 06 08 1 1z 14
‘ ; ' Cee') E~ [GeV]
. _ Energy Transfer [GeV] On
* The e4v collaboration works to improve ,
neutrino generators by ey’ Vv3.0.6tune G18_10a_02 11a
- Benchmarking predictions against
electron scattering data Phys. Rev. D 101, 053004
. . . _ c -
- Improving quality & consistency of e~ /v >
modeling 08 5
e
- Pursuing new measurements e s
» Similar studies carried out for GENIE v2 by 5
: : . LDMX b 4
Ankowski & Friedland (arXiv:2006.11944) dnematie regione “%
(6, < 40° on the plot) » S [}
* Related measurements also proposed for of high importance for 10 R "02¢
LDMX by Ankowski et al. (Phys. Rev. D 101, DUNE T .
053004) 0w o

o0
N

Energy transfer w (GeV)


https://arxiv.org/abs/2006.11944
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004
https://arxiv.org/abs/2006.11944
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004
https://indico.fnal.gov/event/43209/contributions/187820/attachments/130254/158595/200623_e4nu_neutrino2020.pdf
https://indico.fnal.gov/event/43209/contributions/187820/attachments/130254/158595/200623_e4nu_neutrino2020.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004

Conclusion

* The neutrino cross section program
at Fermilab is delivering
foundational results crucial for the
success of current and future
neutrino oscillation experiments

 Many people have worked tirelessly
to do the cutting-edge science
shown here. Congratulations on a
job well done!

e Special thanks to all involved in
delivering world-class, high-intensity
neutrino beams to our detectors

e Stay tuned for much, much more as
we move toward the era of SBN &
DUNE




Backup
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Neutrino oscillation measurements

* Precise measurements of neutrino oscillation probabilities

will allow us to answer key questions
- Leptonic CP violation
- Neutrino mass hierarchy

- Sterile neutrinos

e Detectors measure neutrino event
rates rather than the probabilities
themselves

o Oscillation parameters

@, Am?, Ocp) are inferred by

comparing expected versus
observed event rates

P( V“—)Ve ) %

NOVA: L=810 km

FERMILAB-THESIS-2018-07

sin°2 13=|O.085 —
AM2,1=2.44x103eV2_
sin°0,,=0.5 .
— NH =0
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http://old.inspirehep.net/record/1672901
http://old.inspirehep.net/record/1672901

Cross sections for oscillation analyses
N;)bS( E\I}‘@CO) - U( E;rue — E;eCO) [(D( E;rue) X 0( E;rue) X €( E;rue) X POSC( E;rue)]

Required inputs for an oscillation analysis include:
* Prediction for the neutrino flux at the detector location
» Cross section models for both signal and background

* Selection efficiency

» Migration matrix: transform between E'¢ < E'°°

Corrections needed to connect true event rate to
observation depend on many variables X

 Must be studied in simulation using a full prediction of

do/dX

Precise extraction of P%>* depends on well-controlled
uncertainties for the other factors

u

— M
.......................... > .......-------------------->
Vu '°..‘:: Vl-l

corrections for final-state particles
that further interact in the detector

geometric acceptance corrections

1 (selected as )

.......................... > true) e ———
Vi Vi
mis-identified muon missed signal event
/' IJ
........................... > = —
Va

.
.
‘e

corrections for unobserved
final-state particles

J. Paley, JETP seminar, 31 July 2020



Preview of GENIE v3.2

Many other new features. See genie-mc.org for the current list.

New INCL++/ABLAO7 & Geant4 FSI models

100

80

60

20

x10°

Kinetic energy of Neutron and Proton

—

Illllll

40

INCL++

—— hNO0218
hA2018

— GEANT4

Proton INCL++

Neutron INCL++
Proton hN2018
Neutron hN2018
Proton hA2018
Neutron hA2018
Proton Bertini G4
Neutron Bertini G4

Inclusive 1 GeV v, Ar

GENIE docDB #188
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UNIVERSAL NEUTRINO GENERATOR
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SuSAv2 QE + 2p2h cross sections
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N

\®)
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Phys. Rev. D 101, 033003 (2020)
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NOVA: inclusive cross sections

30— =
_ _ _ _ _ B ,Ijooo’do-g ,,,,,,,, e Il True Signal
» Study outgoing lepton kinematics in the reaction 5 T O [ — Muor | ETeNC
_ 0 B S 800l — Non-muon 7 . Ve T Ve
Uy +A — 4 + X 85_: 200 |— 2 ool
. . . . X - e
* NOVA has recently obtained two detailed inclusive g 2.
measurements: O
@ 100f— *
- -
- 1,: More than 1M selected events, 172 bins in S T B
(1,,cos Hﬂ) space ok - |
_ Cut optimized to reduce MuonID
- V,: About 10K selected events, first ever double- uncertainty on v, CC cross section NOVA Preliminary
differential measurement! 00 -
- 0.94<cosH,<0.97, 2.50=<E,<3.00
* Analyses rely on well-understood particle ID _
N
= { Data g
_ : o ©200F o =
Implemented using Boosted Decision Trees (BDTs) Foru, CC, ElectronlD & | — gic;Sr:aII:ItLil\:eC _____ _
. . . templates were fitto data 3 - o
* Muon ID: 4-variable score leads to high purity 0,'? a bin-by-bin basis % :LMCCC-L'ke '—'_! I
| Q1001 - N
e Electron ID: templates separate signal/background ? Pre-FitMe :
i e i
| ! _._I_I_ |
—%.GI | I—O|.4I | I—O.2 OI | IO.2I 0.4 6
Electronlﬁ



Exclusive cross section measurements

 |deally, we’d like to measure the same cross

sections a theorist calculates, e.g., CCQE D. Jena, Neutrino 2020
* Nature isn’t quite so kind to us
- .
- Hadronic final-state interactions (FSls) frotin

—

recoil

neutron

-

T

- Detector thresholds, resolution

* Instead, experiments routinely categorize % . themuc
events by observable topologies OR = — C

- “CCOn” — 1 charged lepton and zero pions
detected

* Interaction mode separation is imperfect, but
data nevertheless provide powerful model
constraints
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Toward higher precision

e Various improvements to MicroBooNE
analysis tools over the past ~2 years

- Detector response & reconstruction

- GENIE v2.12.2 — v3.0.6 with tuning to
T2K v, CCOmt data (CH target)

- Overlay MC: eliminate cosmic-ray
simulation in favor of off-beam data

* Big payoftf: drastically reduced systematic

uncertainties

* New CC inclusive analysis leverages these
improvements and cosmic-ray tracker (CRT)

- Single-differential: very good agreement
with previous result, but reduced

uncertainties

- Future work toward double-differential

Cross section

Selected Events

Previous analysis

This analysis

_ MicroBooNE 1.6e+20 POT GENIEv2.12.2 | £ = CC (sg al): 71.9%
| - 400:—"' v, CC (no )26
5000(— NN v CC( ignal), 50% @ - -
- @ V..V, CC,0.054% Q 350k- ~CC: o1
CC 0.44% @ v—,,CC: 0.6%
4000 u [ ] g?JT}:S/7 6% ‘E 300~ NG: 2.5
B -Dt43/ W peof B OUTFV:3.5
- Cosmic, 6.4% Bl Cosmic: 5.6
Data (B am-off), 29% 200 = B Dirt: 2.4%
3000{— m& at. Unc () Data (Beam-off): 10.8%
—3— Data (B stat. only) : 150

Accumulated POT: 7.644e+18 MicroBooNE Preliminary

----------------- Tuned GENIE v3.0.6 -

_I_ Dat a(Beam -on Stat on|y). resesersansedreseessrensessy . -

vy CC purity: 50% — 71.9%

1 -08-06-04-02 0 02 04 06 08

cos (Hreco)

Source Uncertainty
Previous Analysis | This Analysis
Detector response 16.2% 3.3%
Cross section 3.9% 2.7%
Flux 12.4% 10.5%
Dirt background 10.9% 3.3%
Cosmic ray background 4.2% N/A
POT counting 2.0% 2.0%
CRT N/A 1.7%
Total Sys. Error 23.8% 12.1%
Statistics 1.4% 3.8%
Total (Quadratic Sum) 23.8% 12.7%
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Toward higher precision s
o |
. . . L0
* Various improvements to MicroBooNE = 2f]
analysis tools over the past ~2 years > |
| % 1.5
- Detector response & reconstruction S |
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simulation in favor of off-beam data 0 =06 06 0402 0 05 04 06 08 1
cos(0,)
° Blg pay(?ﬁ:_draStlcally reduced systematlc Accumulated POT 7644e+18 MicroBooNE Preliminary
uncertalntles % " 6: —I— data, stat. @ sys. error
. . . (2 1 _4:_ ......................... ................
* New CC inclusive analysis leverages these E o T Gonio va, uB relim une
improvements and cosmic-ray tracker (CRT) N
. 1
- Single-differential: very good agreement o* 08
n " -O .
with previous result, but reduced 2 06
uncertainties .
0.4
- Future work toward double-differential 0.2
Cross section .
0
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Agreement improves for multiple kinematic
variables when forward muon angles are excluded.

Simulation i MicroBooNE Data
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The MINERVA experiment

Elevation View

Side HCAL 116 tons
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Constraining flux uncertainties with v-¢  scattering

* Precise modeling of the neutrino flux is crucial
for oscillation experiments

- Uncertainties typically ~10%

- Often a leading uncertainty for cross section
measurements

* Flux predictions are made with detailed
simulations of beam production

- Hadron production cross sections important
iInput

* U-€ Cross section is precisely known

- Standard candle for in situ flux
measurement

- Orders of magnitude smaller than v-A

Strip Number (x-axis)

- Backgrounds and low statistics

e Signal: very forward electron shower

 Backgrounds: v, CCQE, photons from 7

decays, etc.

Muon Monitors

W —
Absorbe | X
’ ' T'”"“T"‘ | LEEELE ) }“ '1
TR - - U HA T CHOEE PR EEE L
- Lgl | bl p’_ l' ": l- | : _ i!".
» L R T
\ — <«
) \ g PR—
b . 18 m
10 m 0 m ———— Hadron om Rock 12 m
675 m Monitor
D. Jena, Neutrino 2020
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G B B8 B & 029090909 B 0 6 o A e e = > 1
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90 'f
80 — '
- | electron |
|
60 - |
80 - +
40— 4 {
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MINERVA v, CCQE-like cross section

* First ME cross section publication

- Uses v-¢  result to reduce flux
systematic uncertainties

» Signal definition: 1 muon, 0 mesons,
0 heavy baryons, and any nhumber of
nucleons

- Note that this definition of “CCQE-
like” Is different from
MicroBooNE’s (CC1p0m)

 Data compared to generator
predictions, including special GENIE
v2.12.6 tunes by MINERVA

- MnvGENIE v1: RPA + 2p2h +
adjusted non-resonant 1t
production

- MnvGENIE v2: MnvGENIE v1 +
low-Q2 suppression for RES

1.5-

 MINERVA Data

- GENIE 2.12.6
| = MnvGENIE v1
0.5k MnvGENIE v2
= NuWro SF
= NuWro LFG
= GIBUU

Ratio to GENIE 2.12.6

1072 107 1
2 2
Qc (GeV?)

10

First measurement to probe QéE > 4 GeV?. All models studied

cannot achieve good agreement over the full range.
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Pion production

» Key for studying inelastic reaction modes (RES, DIS)

» Other Fermilab experiments have recently published
total cross sections

- NOvA: NC COH 1o
Phys. Rev. D 102, 012004 (2020)

- MicroBooNE: v, CC m©
Phys. Rev. D 99, 091102(R) (2019)

* MINERVA has studied various differential cross
sections in detalil

* Recent paper examined tuning of GENIE 1t
production modeling to four CC measurements from
MINERVA
Phys. Rev D. 100, 072005 (2019)

* Tension seen between MINERVA measurements (CH)
and between MINERVA and older bubble chamber
data ('H, 2H)

o Additional Dﬂ CC 17— measurement not included in

tuning study:
Phys. Rev. D 100, 052008 (2019)

do/dQ? (cm?GeV?/nucleon)

do/dQ? (cm?GeV?/nucleon)

%1 0—39 Phys- ReV D- 1 OO; 072005 (201 9) %1 0—39

B | | | | | | | | | | | | | | | | | | ] B | | | | | | | | | | | | | | | ]

| —— MINERVA v,CC1rt 8l —— MINERVA v,CCNrt  —

—— Default, =106 | —— Default, y2=14.8 ]
ANL/BNL, y2=13.1 |

BN ANL/BNL, 32=16.7
“ —— FrAbs, y2=5.5 :1~ —— FrAbs, x2=9.9
ST RN\ e Frinel, x=5.8 R + N\ Frinel, x2=10.5
—— FrAbs+Q?, x2=17.4 ] : 4|—

------- Frinel+Q?, x?=13.8

—— FrAbs+Q%, %2=30.5

do/dQ? (cm?GeV?/nucleon)

Frinel+Q?, x?=28.2
I S
11 21 \ 7
O | | | | | | | | | | | | | | | | | | | O | | | | | | | | | | | | | | | |
0.0 0.5 1.0 15 0.0 0.5 1.0 15
Q? (GeV?) Q° (GeV?)
x107° %1079
2.5 | | | | | | | | | | | | | | | | | | |_ - | | | | | | | | | | | | | | | | | |
‘ —— MINERVA v,CCH® | 20 —— MINERVA v,CCr® |
! —— Default, ¥2=35.1 | I —— Default, ¥2=10.5
20 + ANL/BNL, 52=62.0 | RN ANL/BNL, 12=20.8 -
' — FrAbs, 2=46.4 | 150 — FrAbs, 2=11.7 |
15 S N\ —— Frinel, y2=47.2 4 & [0 Nrv 0 e Frinel, y2=11.8

—— FrAbs+Q? 2=33.7 |
------- Frinel+Q?, x2=34.9 -

—— FrAbs+Q?, ¥2=6.5

o7 N\ . Frinel+Q®, 52=6.4

10}

do/dQ? (cm?GeV?/nucleon)

- 0.5 -
0.5} ' .

OO | Coo ey TS il OO i T T T T L
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

Q° (GeV?) Q? (GeV?)

Various model adjustments explored, including changes to
standard GENIE parameters and an “ad hoc low-Q2 suppression”

With the options available, good agreement with all
measurements could not be achieved 46
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Pion production

» Key for studying inelastic reaction modes (RES, DIS)

» Other Fermilab experiments have recently published
total cross sections

- NOvA: NC COH 1o
Phys. Rev. D 102, 012004 (2020)

- MicroBooNE: v, CC m©
Phys. Rev. D 99, 091102(R) (2019)

* MINERVA has studied various differential cross
sections in detalil

* Recent paper examined tuning of GENIE 1t
production modeling to four CC measurements from
MINERVA
Phys. Rev D. 100, 072005 (2019)

* Tension seen between MINERVA measurements (CH)
and between MINERVA and older bubble chamber
data ('H, 2H)

o Additional Dﬂ CC 17— measurement not included in

tuning study:
Phys. Rev. D 100, 052008 (2019)

JINST 12 (2017) PO1016

Fits shown here were performed using NUISANCE,
a software framework for comparing and tuning
neutrino generator predictions to experimental data

Used for some of the other comparisons in this talk
as well (e.g., MicroBooNE CC inclusive)

47


https://iopscience.iop.org/article/10.1088/1748-0221/12/01/P01016
https://iopscience.iop.org/article/10.1088/1748-0221/12/01/P01016
https://nuisance.hepforge.org/
https://nuisance.hepforge.org/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052008

Neutrino-induced neutrons in MINERVA

Neutron multiplicities and kinematic
distributions are poorly understood at present

- Theoretically challenging and difficult to
measure

- Substantial differences in generator
predictions

- “Generator” vs. “Geant4” neutrons

LE analysis: Dﬂ CC in CH active tracker

- Phys. Rev. D 100, 052002 (2019)

- Multiplicity, time-of-flight, position,
speed (1/P), Edep

- Detection via p recoils, inelastic n-C scatters
(p, vV, fragments) = ~10 MeV kinetic energy
threshold

HE analysis in progress

- More efficient, 7.5x more datal

- Data for multiple targets

MINERVA simulation
—— MnvGENIE-v1.1
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s 004 \  eeeea NEUT

o
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2p2h in measured “QE-rich”
multiplicity distribution
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A neutrino event in ANNIE
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1. CC interaction in fiducial volume produces a muon. Vertex reconstruction by
LAPPDs, muon momentum reconstructed in MRD.

2. Neutrons travel, scatter and thermalize.

3.—4. Neutrons capture on Gd, y-ray cascades detected by conventional PMTs
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ANNIE Phase Il ANNIE Prellmlnary
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ArgoNeul MeV-scale reconstruction

* Phys. Rev. D 99, 012002 (2019)

* Multiple MeV-scale contributions
needed to match data

- De-excitation y-rays
- Neutron inelastic scatters
 Applications

- Improved energy resolution for GeV
neutrinos

- DUNE supernova & solar neutrinos

- Cross section measurements for
U-A scattering at tens-of-MeV

- BSM searches

 See Phys. Rev. D 99, 036009 (2019)
and arXiv:2006.14675 for detalls

Time (ticks)

0 50 100 150

180()
1
1600
’
1400
1
12001

8 82

1400 |
1
1200

0 50 100 150
Wire

Charge


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.036009
https://arxiv.org/abs/2006.14675
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.036009
https://arxiv.org/abs/2006.14675

* Phys. Rev. D 99, 012002 (2019)

* Multiple MeV-scale contributions
needed to match data

- De-excitation y-rays
- Neutron inelastic scatters
 Applications

- Improved energy resolution for GeV
neutrinos

- DUNE supernova & solar neutrinos

- Cross section measurements for
U-A scattering at tens-of-MeV

- BSM searches

e See Phys. Rev. D 99, 036009 (2019)
and arXiv:2006.14675 for detalls
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* Phys. Rev. D 99, 012002 (2019)

* Multiple MeV-scale contributions
needed to match data

- De-excitation y-rays
- Neutron inelastic scatters
 Applications

- Improved energy resolution for GeV
neutrinos

- DUNE supernova & solar neutrinos

- Cross section measurements for
U-A scattering at tens-of-MeV

- BSM searches

e See Phys. Rev. D 99, 036009 (2019)
and arXiv:2006.14675 for detalls
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