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Plan for This Lecture Nﬁ{
A Why?

A Experiments
A A selection of Results and Trends
A Lunch
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Plan for This Lecture Nﬁ(

A Why would anyone willingly study this?
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A A selection of Results and Trends
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Why?

(Abecause 1 tdés thereodo i s always the wrc
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Future Neutrino Experiments: T2HyperK \Q(

A Major upgrade of the T2K beam and a larger far detector,
HyperKamiokande, in approximately the same location.

New intermediate

+ Neutrino beam 90—
| W
| 11T
2k har]

~1 km

|

ADesigned to be a high statistics test of the observed (with low statistics) CP
asymmetry in the T2K oscillation result.
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Future Neutrino Experiments: DUNE

A Happy coincidence of location of Sanford lab (the former
Homestake mine where neutrino emission from the sun was discovered!)
and locations of high-power multi-GeV proton sources at an

optimal distance.
Liquid Argon TPC
,,,,,, Drift and collect
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| liquidargon (88
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O roposec) e ﬂ;;‘:g / fz;ffffffi Try to identify all
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FERMILAB / i el event by their [z
e | ionization or ﬁ"
Ze] interactions. IS
g & /

Eqdrife ~ S00V/cm

ADetector mass of ~40kTon (or 40Gg if you prefer) of material capable of
measuring ionization from neutrino interaction products anywhere in that mass.
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What must the detectors measure?

v CC spectrum at 1300km, A m3 =-24e-03eV % sin®26 =01
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A In flavor interferometry, neutrinos are characterized by flavor and energy.

A But the beam has a broad spectrum. And events are rare, so need to
observe flavor and energy from all the possible final states.

ARequires a detailed understanding of a large number of neutrino interaction
mechanisms, and how they may obscure energy and flavor.
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Osclillation at Hyper -K and DUNE

P(v,—Ve) P(v,—ve)

295 km, NuFit 5.2
5.,=0,NO 10
—dge=m, NO 10
/N dep=-/2, NO 10

1300 km, NuFit 5.2
8.s=0,NO IO

—bge=r, NO IO

Sp=-1/2, NO 10

Plv,—=v.)

‘F \ . : | | I | | | | I | I | | I || ||
. 0.4 0.6 0.8 1 1.2 1.4 &
E, (GeV) E, (GeV)

ANote the very different probabilities for HyperK and DUNE!
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Failled Multl -Scale Problems

: : : : : Descent of the Eiffel
A Consider a bicycle rider at right, descending ~Tower stairs by bicycle

the stairs of the Eiffel Tower el | ca. 1910
A A bicycle wheel is ~1m in diameter. A |

A If steps were ~1cm height or the steps
were ramps of ~100m, we could predict the
cyclistos trajectory
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Failled Multl -Scale Problems

: : : : : Descent of the Eiffel
A Consider a bicycle rider at right, descending “Tower stairs by bicycle

the stairs of the Eiffel Tower £ | ca. 1910
A A bicycle wheel is ~1m in diameter. ' | |

A If steps were ~1cm height or the steps
were ramps of ~100m, we could predict the = =aF
cyclistobds trajectory T

A But since the wheel size is too close to the

step size, the only reliable prediction is that it
IS going to be painful.
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Our Failed Multli -Scale Problem

A We have Ox vmt it v T riMeV, and therefore /40 ¢ o
energy transfers from nearly zeroto ' p T 1T MeV. Descent of s Siiey
~ Tower stairs by bicycle,

A Nuclear response at these neutrino energies (7 8 IR o
spans elastic, metastable excitations, quasielastic ' |
(knockout), and inelastic (production of new
particles).

A But single nucleon separation energy in 4°Ar is
X g TMeV, and the inelastic threshold, &
a X ¢ L MeV.

A Processes cannot be cleanly separated, and
model s canod6t approxi mat
nor final state degrees of freedom.

A Sacre bleu! Hang onto your handlebars!
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More Problems In h Interactions Nﬁ\(

A There are other, subleading processes that are
also difficult to model, but potentially important.

AKnocking out multipl-e
particle-two-hole, or more) is surprisingly
common and difficult to model.

A Radiative corrections to neutrino interactions will
be different for muon and electron neutrinos.

A Coherent“ production on nuclei produces very
energetic photons with little else in the event to
war n 1 t ' wwahsan énérgetc electron.

AAnd so forthd@©é
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Theory and Experiment \ﬁ(

A Both are critical, but both are limited in what they can offer.

A Theory, as noted, uses necessary approximations, is limited in phase space, or
calculates overly inclusive reactions ill-suited to describing the full final state.

A Data are good at pointing out modeling deficiencies, but often poor at
pinpointing the problem.

Reaction

Effective Data

\(3A or eA)
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Experiments: Detectors

(who studies this, and how?)
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Short baseline oscillation experim have enough rate to also measure
neutrino interactions: LSND, MiniBooNE, MicroBooNE.

A Oscillation experiments have near detectors which measure interactions with
varying degrees of effort: K2K, MINOS, T2K, NOVA, SBN.

A A few dedicated experiments: SciBooNE, MINERVA, ANNIE.
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SBN Program Near Detector (SBND)

A SBND utilizes liquid argon TPC (LArTPC) technology because of
its low particle thresholds and good particle identification.

A Close to the beam source and massive, it will accumulate nearly
NOVA near detector or MINERVA sized statistics on argon.

SBND Neutrino Flux at TPC Front Face
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T2K/HyperKamiokande SuperFGD

A The SuperFGD 3D pixelated scintillator also provides increased
granularity for high multiplicity and low thresholds.

A Also has excellent neutron capability, including time-of-flight
momentum reconstruction.
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Future: DUNE Phase One Near Detector

A Includes PRISM concept in novel
segmented LArTPC, which is currently
being prototyped.
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DUNE Phase One Near Detector

A SAND includes CH, and C (for separation of H and C)
and Ar targets to compare interactions on different nuclei.
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DUNE Phase TWO GaseOUS Amor e ca NDI en(‘)

A A future gaseous argon detector would provide bubble-chamber
like low thresholds for reconstruction of charged particles.

A Valuable information about energy lost to nuclear final states.

// / ‘
N

/proton
// p=1.2GeV/c
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Experiments: Neutrino Beams

what do we have to work with?
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Neutrino Beams: Intensity

A We have two ~GeV neutrino beams approaching 1MW beam
power, both with incremental paths to slowly increasing power.

NOVA beam (NuMl) T2K beam

d in 2019-2020

Target ~ Beam

J-PARC [
accelerator, ./

e e K ND280
P . 125° Y
| ™ 7
M ) 5 :
‘\» Decay volume mmlul?l?)r/ Vs INGRID [‘(ugr dclccl‘é())r
”””””””””””” Super-
J

Near detectors;

! om 118m 280m 295km
oA AN S ‘-J:\ . .
ApproaChing megawatt beam! (?T\ 1 R R Rund RunS Run6 Run? Run8  Run9 Runl Runl | Rual2 Runl — 900 ;
* Typically ~900 kW  Record 959 kW 12 45 g0
X 40 a ey
7! . Daily neutrino beam — Accumulated beam Accumulated neutrino beam :600 2014'2023: | = 35 _: 700 2
:6‘ « Daily antineutrino beam Accumulated antineutrino beam 5 10 f b 2 S -} 6()() D?
8 New NOVA-only s TtpeEs ETERI 5 2 1500 §
3’ ws  to NOVA! 3 25 1500 5
ol , | 1S 5 400 &2
2 . Joint NOVA + T2K i 308 = 300
Ly M A8 Sy ' I B 8 B 1.
;2 f?: \‘5 5 - ; 'v s &2 b 'ZO.C.E) é) 10 * t ; —1200
5 g J’JA g m g 1103 | sB & 3B - 1100
o SR N : lo = v:2661X10° POT A 1 | | | |

= . e _ el B 3 L i O ).\ 0 ] N, W o, |8, W TR S N S g U 0
015 2016 2017 2018 2019 2020 2021 2022 2023 2024 V: 1250X 10 POT | 2010201120122013201420152016201720182019202020212022202320242025

2 October 2025 Kevin McFarland: Intefactions on Nuclei Year




v, /cm?/GeV/year (x 10'?)
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A Both FNAL and J-PARC
have paths to significant
Increases In what is now
the visible future.

 ACE-MIRT upgrade enables >2MW
beam by ~doubling frequency of
spills, and can be achieved before
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Neutrino Beams: Intensity
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Neutrino Beams: Flavor

Hg target for neutron
and neutrino sources

A Our conventional beams are muon

V4

neutrinos. But é
A écan pr d@edtwrneutrinos through

JSNS

3GeV pulsed
proton beam
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Energy by Location

> I ! ! ! ! | ! ! ! ! |
] 0, | FLUKATH On-Axis | |
A Beams (like NuMI) can be tuned ' ot
to produce different energies. g [ e
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Energy by Location

T2K off-axis
A T2K and MINERVA have bOth produced fIrSt reSUItS Ewmf‘\:%_
exploiting this to measure energy dependence. o
A T2K by using different detectors in different locations. L
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Locat |
A T2K and MINERVA have both produced first results

on e

exploiting this to measure energy dependence.
A MINERVA with differently tuned beams on the same detector!
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Flavor! By Location

A MicroBooNE uses the NuMI beam far off-axis, MicroBoooNE

where there are enhanced contributions from
kaon decays, and therefore a larger ’ fraction.

A MicroBooNE and SBN (ICARUS) plan to exploit
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SBND n Mjwr PRISM

A In the near future, SBND will be able to do this within their detector.
A Enabled by high statistics, and proximity to a low energy beam.

A Will be limited by access to low energies far off axis, but it should work well
from 0.7 to 1.5 GeV In neutrino energy.
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DUNE and Hyperkamiokande PRISM \'Q(

A DUNE and HyperKamiokande both intend to have g’@ %\ 0
movable detectors for the PRISM technique. ;VL ¥

A While framed as a tool directly applied to oscillations,
this probes neutrino energy dependence of interactions. §, “—+—+——

e@
Far off axis

' 11— 30
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IWCD

for PRISM
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