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Future Neutrino Oscillation Experiments
DUNE Hyper-Kamiokande

Sanford Underground
Research Facility

o E—
. PSS
L - N
ters) == Ry
~ ozz
v \
v v ’vw v \
e LT R B e \
. Ve astrs Vv S
v £ AT \
v v
v v v
v \
v v v

* Future long baseline oscillation experiments will make precision
measurements of neutrino oscillation parameters, including mass
hierarchy and CP violation
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Future Neutrino Oscillation Experiments
DUNE Hyper-Kamiokande

Fermilab

"""""

\We measure the neutrino rate: \ And want to extract neutrino oscillation parameters: ,

R(Z) = B(E,) x 0(Ey, %) x (&) x P(v, — ve)

H )

Requires very good understanding of:

1. Neutrino flux: 2. Detector efficiency: 3. Cross section:

®(L,) e(T) o(Ey)
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Future Neutrino Oscillation Experiments

Hyper-Kamiokande

\We measure the neutrino rate:
Y

\And want to extract neutrino oscillation parameters:

)

—

Requires very good understanding of:

1. Neutrino flux: 2. Detector efficiency: 3. Cross section:

®(E,) e(T)

More in presentations yesterday: [1], [2]

O'(E,/)/

R(Z) = B(E,) x 0(Ey, %) x (&) x P(v, — ve)

This talk:
Neutrino-argon cross sections

Next talk:

Other nuclear targets by
Raquel Castillo Fernandez
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https://indico.cern.ch/event/1216905/contributions/5530246/attachments/2700266/4686776/NuFact_2023.pdf
https://indico.cern.ch/event/1216905/contributions/5530255/attachments/2700302/4686803/Munteanu_NuFACT2023_xsecPlenary.pdf

Importance of Argon Measurements

 Neutrino-nucleus interaction measurements required for precision oscillation measurements
— Significant impact on discovery sensitivity and often a limiting systematic uncertainty

* Most generator models have been developed based on measurements on lighter nuclei like
carbon and oxygen

— Argon is a heavier nucleus and therefore may be more impacted by nuclear effects like FSI
2022 PDG

(Ey), (Ey)  neutrino run

DUNE CP Violation Sensitivity

et e e ooty Experiment beam  GeV target(s) _ period
10-_-:::::913: =o°$8ui:;:°;mnea | iD Only; o ArgoNeuT v,v 4.3, 3.6 Ar 2009 — 2010
10 years (staged) i omis ICARUS (at CNGS) v 20.0 Ar 2010 — 2012
Model 1 sf —seeses , MOdel 2 ICARUS (at FNAL) v 0.8 Ar 2021 —
X K2K v 1.3 CH, H,O 2003 — 2004
% ;\ MicroBooNE ” 0.8 Ar 2015 — 2020
: MINERVA v,v 3.5 (LE), He, C, CH, 2009 — 2019
° Uy 5.5 (ME) Hy0, Fe, Pb
MiniBooNE v, 7 0.8,0.7 CH, 2002 — 2019
MINOS v,7  3.5,6.1 Fe 2004 — 2016
| NOMAD v, 23.4,19.7 C-based 1995 — 1998
NOvA v, 2.0, 2.0 CH, 2010 —
ol v \ SciBooNE v,7  0.8,0.7 CH 2007 — 2008
-1 -08-06-04-02 0 0.2 04 06 08 1 T2K v, U 0.6,0.6 CH, HyO, Fe 2010 —

dcp/n

arXiv:2103.13910 [physics.ins-det]

More measurements - creation of more accurate models - better understanding of prediction
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https://pdg.lbl.gov/2022/reviews/rpp2022-rev-nu-cross-sections.pdf

Liguid Argon Time Projection Chambers

Liquid Argon TPC

Charged Particles

Cathode
Plane
’I
L.
>
.\\q Il
&
O\ ’,
\(‘(’ 2
’I
(_
Edrift

JINST 12 P02017

r

Sense Wires

u vy

V wire plane waveforms

Y wire plane waveforms

 Protons are charged so they always ionize the argon
— Visible down to tens of MeV, depending on wire spacing -> access to lepton and hadronic parts of interactions
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nuBooNE _
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Electron shower
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https://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017

What Can We Measure?

1. Lepton properties: energy, angle relative to hadrons

uBooNE _

14cm Run 8517 Sub 46 Evt 2328

2. Hadronic System: energy and number of protons/pions

These kinematics are inputs to calculate neutrino energy
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What Can We Measure?

3. Transverse kinematic imbalance: sensitivity to final state interactions and nuclear model

I:)Iepton—transverse | —py.T/,/

_ _V_ _ For a free nucleon target:
_ 1] P| —
BPT—‘PT +pT ‘_O
| For a heavier target (like argon):
I:)hadron-transverse PBOQNQ\A 6 . u P 0
l4(m  Run 8517 Sub 46 Evt 2328 pT - ‘ pT + pT I >
More i ing talks and poster:
e u?lcfrg]rjg[; AP Orientation of imbalance: 504T
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https://indico.cern.ch/event/1216905/contributions/5447718/
https://indico.cern.ch/event/1216905/contributions/5447765/
https://indico.cern.ch/event/1216905/contributions/5530312/

What measurements do we need?

* Charged current measurements:

1.4F
1.2F
1

v cross section / E, (10% cm? / GeV)
o
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107" 1 10 10°
E, (GeV)

* Neutral current measurements

* Anti-neutrino measurements

... And any others!

Multi-proton:
v, +Ar — 4+ 2p

Inclusive:

vy +X = p+ X

Coherent scattering:

v, +Ar — u~ + 7" + Ar;

Quasi-Elastic:

Vy +N — [ +PD

Resonant pion production:

vy +p/n—p+7+p/n

* Electron neutrino measurements:

In all the same channels, to the extent statistics allow
Small component of neutrino beam(0.5-5%)

The more we have to build models the better our predictions will be for oscillation measurements
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ArgoNeuT and MicroBooNE

* Liquid argon time projection chamber detectors
* To date most neutrino-argon cross section measurements are from these experiments

ArgONEUT JINST 7 (2012) P10019 MicroBooNE JINST 12 (2017) 02, P02017

Operation: 2009-2010 2015-2020

) 85 Ton
Active Volume:| 0.25 Ton

BNB: neutrino = <0.8 GeV>
NuMI (8" off axis): neutrino = ~<0.9 GeV>
anti-neutrino = ~<0.9 GeV>

Overview of selected results from these experiments

Beam Energy: [ NuMI (on-axis): neutrino = <4.6 GeV>
anti-neutrino = <3.6 GeV>
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https://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017
https://iopscience.iop.org/article/10.1088/1748-0221/7/10/P10019

Inclusive Muon Neutrino Measurements

 Dominant component of the beam (95%+) vV, + X =>pu+X
 Requires only identifying the charged lepton: do not separate between hadronic final states
 Test overall cross section model

2023: First triple differential measurement
MicroBooNE: arXiv:2307.06413

2012: First measurement

. ; 20
ArgoNeuT: Phys. Rev. Lett. 108, 161802 » o MicroBooNE 6.4 x 107 POT
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More in upcoming talks: [1], [2]
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https://arxiv.org/abs/2307.06413
https://indico.cern.ch/event/1216905/contributions/5530312/
https://indico.cern.ch/event/1216905/contributions/5447718/

* First transverse kinematic imbalance measurement on argon target

Compare with and without
FSI: data favors including FSI

CCQE-like Topology: 1u1p0Om

All Events
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10

MicroBooNE Data
6.79 x 10 POT
i Stat®Shape
--GiBUU no-FSI (108.9/13)
-GiBUU FSI (21.5/13
..G18 no-FSI (54.7/13
~G18 FSI (6.0/13)

r 222

Norm

Vy +N — [ +D

arXiv:2301.03700, accepted by PRL

arXiv:2301.03706, accepted by PRD

More in upcoming talks and poster:
[1], [2], [3]

Quasi-Elastic Dominated

04

0.8

) dp, [GeVie] MEC/Resonant/FSI Dominated
(b) daup < 45
= oL | MicroBooNE Data (€) 135" < day < 180°
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https://arxiv.org/abs/2301.03700
https://arxiv.org/abs/2301.03706
https://indico.cern.ch/event/1216905/contributions/5447718/
https://indico.cern.ch/event/1216905/contributions/5447765/
https://indico.cern.ch/event/1216905/contributions/5530312/

ArgoNeuT: First observation in argon Phys

Multi-Proton Measurement: 1u2pOrmt

Vi

0, 012008

1 50 100 150 200 w
2000

.Rev. D 9

50

MicroBooNE: First cross section measurement arXiv:2211.03734
. Angle between the two protons
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https://arxiv.org/abs/2211.03734
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012008
https://indico.cern.ch/event/1216905/contributions/5530312/
https://indico.cern.ch/event/1216905/contributions/5447718/

CC1mt* and CC Coherent: ArgoNeuT First Measurements

e CCI17tt: Phys. Rev. D 98, 052002

" Neutrino i Anti-neutrino
~ T T T - lE! T T T T T .—
§ 9k —3— ArgoNeuT Data (v,)] b —3— ArgoNeuT Data (v,)
° —— GENIEV2_12_ 2 5 6 —— GENIEv2_12_2
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] 8 4
2 s )
b 3F 4 3 2
= 2} 1 =
ES ] =Y 1
O
g8 1| = , | s —t—
N " . . 3 0 " L L L n 2 3 n
oo 5 10 15 25 30 0 2 4 6 8 10 12 14
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vy +p/n— p+m+p/n
* Resonance interactions will be some
of the dominant at DUNE energies

 Reasonable agreement with GiBUU,
overprediction in other generators.

* Similar storyin 9,

* Coherent scattering off argon nucleus: Phys. Rev. Lett. 113, 261801
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v, +Ar — p~ + 7 + Ar;
U, +Ar — pt + 717 + Ar;

Low statistics at this point; dominated
by statistical uncertainties
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.261801

Charged Current:
MicroBooNE Phys. Rev. D 99, 091102(R)
MicroBooNE
1.62 x 102° POT
(v, CC 1r° + X)
— GENIE RS
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<
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2
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=
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First inclusive cross section
Best agreement with NuWro

Interactions with 1°s

 Resonance interactions are in the peak of the DUNE neutrino energy spectrum
* Important background for electron neutrino searches: ° ->y y

Neutral Current:

ArgoNeuT inclusive cross section

Phys. Rev. D 96, 012006

rgoNeuT
T 1 T I I I I T ]

B

-
o

e
// -
> - g

"""
----
ot

-t

III

-... -~
Ve

1.20 x 10%° POT v-mode Beam
—a— V Data
—e— v Data
—— V-Argon GENIE
------- v-Argon NuWro
— — v-Argon GENIE
-« v-Argon NuWro

s
o

o(Inclusive NC-r% x 10"*° cm? per nucleon)

1 | L 1 1 1 | 1 1 1 1 | L 1

......

......
-----------
------
.....
.2

L

Ll Illllll

Ll lllllll

-
o
~N

s L I ! l I I I I
0 5 10 15 20

Mean Neutrino Energy (GeV)
1/”+Ar—>y#+7r0+X,

U,+Ar >, +1°+X

N
(4}

MicroBooNE exclusive hadronic final states

- N
(6} N (%)}

O 10 L1 03 cm?/Atom]

—_

0.5

Phys. Rev. D 107, 012004
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More in upcoming
talks: [1], [2]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.012006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://indico.cern.ch/event/1216905/contributions/5530312/
https://indico.cern.ch/event/1216905/contributions/5447718/

Electron Neutrino Inclusive
Ve + Ar > e+ X
* Important for electron neutrino appearance searches and CP measurements
e Combined neutrino and anti-neutrino data from NuMI beamline

 General model agreement, though statistically limited as electron neutrinos are a small
fraction of the beam

|
ArgoNeuT: First measurement I MicroBooNE: Differential in lepton energy and angle
Phys. Rev. D 105, L051102
Phys. Rev. D 102, 011101(R) I 8
0.1710™ | F MicroBooNE NuMi Data: 2.0x10°° POT 30¢ MicroBooNE NuMI Data: 2.0x10%° POT
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.011101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051102

Electron Neutrino Exclusive: CCOrt

* First exclusive electron neutrino measurement on argon with MicroBooNE

e BNB data: 0.5% of beam is electron neutrinos

 Best agreement with models with overall lower predictions

ve + Ar > e+ Np+ On

Phys. Rev. D Letter, 106, L051102 (2022)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051102

Rare Channels: A and n Production

* First searches for rare channels with the higher statistics argon interactions in MicroBooNE

vy t+Ar >t A+ X

e Background to proton decay searches:
mimics p — Kv
 Strictly anti-neutrinos: may provide constraint

Phys. Rev. Lett. 130, 231802
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More in upcoming talks: [1], [2]

Vy + N —pu+n+N

Handle on higher order resonance
modeling: N(1535) and N(1650) both
have significant branching ratios to n
Proton decay channels that produce n

-- GENIEv2 12 10
—.— GENIE v3_00_06
—— NuWro
“§ MicroBooNE data

o
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w
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| — — mrmane arXiv:2305.16249
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|
|

w
s

More in upcoming talk: [3]
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poster: [1]

More statistics: better isolation of various final state topologies [1]

SBND expects 20-30 times more data in the BNB than current data sets, average neutrino energy 0.8 GeV
SBND Nulnt 22

Icarus will measure NuMI neutrinos at ~5 degrees off axis (up to ~2 GeV) in addition to BNB neutrinos
Icarus NuINT '22

DUNE 2x2 ND Demonstrator will collect NuMI data on-axis over a range of energies (~2-8 GeV) 2, nunT 2022

Opportunity for high statistics measurements, possibility of NuMlI anti-neutrinos in Icarus and DUNE 2x2
August 22, 2023 S. Berkman
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https://indico.cern.ch/event/881216/contributions/5048780/attachments/2537319/4367163/2022-10-28_LYates_SBND-Interaction-Measurements_MedRes.pdf
https://indico.cern.ch/event/881216/contributions/5048774/attachments/2537336/4367180/NuInt_Seoul_Korea_YifanChen_2022_10_28.pdf
https://indico.cern.ch/event/881216/contributions/5048820/attachments/2537322/4367150/NuMIatICARUSv2.pdf
https://indico.cern.ch/event/1216905/contributions/5447767/
https://indico.cern.ch/event/1216905/contributions/5449898/
https://indico.cern.ch/event/1216905/contributions/5451542/
https://indico.cern.ch/event/1216905/contributions/5456614/
https://indico.cern.ch/event/1216905/contributions/5451825/
https://indico.cern.ch/event/1216905/contributions/5447772/
https://indico.cern.ch/event/1216905/contributions/5447772/

Conclusions

* Neutrino-argon cross section measurements will
provide critical input to models and future oscillation
measurements

* Exciting time for neutrino-argon cross sections:

— Refining experimental techniques to identify new exclusive
states and rare channels for the first time

* Looking ahead to significantly more data with
upcoming experiments
— Many presentations with more details on neutrino-argon

cross section measurements this week: MicroBooNE, Icarus,
DUNE 2x2 demonstrator

August 22, 2023 S. Berkman 20



