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Experimental neutrino physics landscape

Los Alamos Science: “Celebrating the Neutrino”



https://www.osti.gov/biblio/569122

Neutrinos from accelerators
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https://neutrinos.fnal.gov/sources/accelerator-neutrinos/

Neutrino Physics

Today’s experimental neutrino physics landscape greatly influenced by observation of

neutrino oscillations ~two decades ago

Neutrinos have (very small) masses — exciting prospect for new physics
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Open Questions in Neutrino Physics

Fundamental neutrino physics: V u

- precision measurement of neutrino mixing

- value of 6,
- neutrino mass ordering and absolute mass V
- Dirac or Majorana nature of neutrinos. e

Bevond the Standard Model searches:

- searches for eV-scale “sterile” neutrinos
- Heavy Neutral Leptons
- broader BSM leveraging neutrino facilities

Neutrino astrophysics:

- solar and supernova neutrinos
- extragalactic neutrino sources




US accelerator neutrino physics program
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Short- and long-baseline accelerator neutrino physics program in US
Broad scope within experimental neutrino physics:
- precision oscillations and 6.,

- searches for new physics
- astrophysics program: supernova and solar neutrinos



Liquid Argon Time Projection Chamber

i

4 s - millimeter resolution
V - precise calorimetry
. - low-threshold particle ID

20 cm

high-resolution imaging of neutrino interactions
over large volumes



LArTPCs are delivering exciting physics!

axion searches: arXiv:2207.08448
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precision measurements setting world-leading limits
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The Short Baseline Neutrino Program
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ICARUS
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LArTPC detectors sitting on the O(GeV)
BNB and off-axis to the NuMI beamlines

few-hundred meter baseline




Step #1: MicroBooNE
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MicroBooNE Physics: Short Baseline Anomalies

Anomalies in short-baseline neutrino experiments have puzzled the neutrino
community for decades

LSND, MiniBooNE, gallium, reactor anomalies

MicroBooNE's first results investigates the MiniBooNE “Low Energy Excess”
- and channels so far show no excess.

Analysis of full dataset and searches for more exotic BSM signature will complete
the picture in the coming years.
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https://inspirehep.net/literature/1937333
https://arxiv.org/abs/2110.14054

MicroBooNE's first eV-sterile v search
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MicroBooNE “First Constraints on Light Sterile Neutrino Oscillations from Combined Appearance and
Disappearance Searches with the MicroBooNE Detector’ Phys.Rev.Lett. 130 (2023) 1, 011801 12



https://arxiv.org/abs/2210.10216

Beyond the Standard Model Physics

Expansive Beyond the Standard Model physics program @ accelerator neutrino

experiments

e intense beam — opportunity to produce new particles

e neutrino detectors — designed for rare-process measurement

e LArTPC technology — track particles with few / 10s of MeV threshold

Unique environment for sub-Gev new physics

searches

Complementary to broader HEP landscape

Team effort with theory and phenomenology communities

uBooNP

ALP, HNLs, Millicharge,
dark tridents, ...

Heavy Neutral Leptons
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New BSM Results: HNLs from NuMI
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https://arxiv.org/abs/2207.03840

New Opportunities with LArTPCs HBooNB
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increased sensitivity to low-mass (10s of MeV)
long-lived particles traveling from the beam

new opportunities for Beyond the Standard Model physics searches of Heavy

Neutral Leptons and other long-lived particles. 15


https://arxiv.org/abs/2304.02076
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v - argon cross section program
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collaboration with theory & generator communities is key!
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Lambda barion production

arXiv:2212.07888 [accpeted by PRL]
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v - argon cross sections: oscillations

neutrino cross-section

understanding of cross sections

Event rate and visible energy depend on

Precision oscillations requires detailed
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https://inspirehep.net/literature/1803589

v - argon cross sections: BSM physics
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top right figure: “Search for long-lived heavy neutral leptons and Higgs portal scalars decaying in the MicroBooNE detector” Phys.Rev.D 106 (2022) 9, 092006



https://inspirehep.net/literature/2107903

The Short Baseline Neutrino Program

Bl 0 KT 4

ICARUS

LArTPC detectors sitting on the O(GeV)
BNB and off-axis to the NuMI beamlines

few-hundred meter baseline




SBN physics program

Multi-detector eV sterile-neutrino search at short
baselines.

near detector: in-situ constraint of un-oscillated

flux and cross sections

landscape!
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ICARUS: first neutrino data!

2004 ***= NuMI Delivered: 134.7 E18 POT < Run 2 l
- BNB Delivered: 206.1 E18 POT y

1751 e NUMI Collected: 110.8 E18 POT
- BNB Collected: 187.0 E18 POT

July1, 2022 Septd, 2022  Novi, 2022 Jan 1, 2023 Mar 1, 2023



ICARUS: first neutrino data!
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ICARUS: first neutrino data!
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1st operations paper: “ICARUS at the Fermilab Short-Baseline Neutrino Program -- Initial Operation” [arXiv:2301.08634]



https://arxiv.org/abs/2301.08634

Short Baseline Neutrino Detector [SBND]
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SBND — lots and lots of neutrinos!

110

5,000 neutrino interactions / day!

meter baseline — large neutrino flux

expect first data in 2024!

15,000 v, CC interactions in 1 year
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SBND - “prism”

110 meter baseline — large neutrino flux
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SBN Physics

«10° ICARUS Simulation
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multiple detectors on two beamlines offer a rich physics program
for Oscillations, BSM, and XSEC measurements



Deep Underground Neutrino Experiment (\

Sanford
Underground Fermilab
Research Facility

NEUTRINO
PRODUCTION

/|: UNDERGROUND PARTICLE
PARTICLE DETECTOR DETECTOR

Culmination of long-baseline oscillation program — precision measurements.

Massive experimental endeavor:

1. upgraded neutrino beamline 2. near-detector complex 3. massive far-detector.
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DUNE Oscillations Program

9_| TT [T T T [T T T [T T T [T T T[T T T[T T T[T T T[T TT]
al” B 0.14
A CP 5 0.12
6F =
S 1 3
~ S = :
|>® B a T:_
A 4l 1 =
24 1 & 0.06
& [ 3
3¢ ~
2k =
1 =
0:| AN N T N T T NS N T T T NN N N T T O O A A A |:
0 | 2 3 - 5 6 g 8 9

P(vu_> Y.) [%]

Figure adapted and simplified from:
Hiroshi Nunokawa, Stephen Parke, Jose W. F. Valle, “CP Violation and Neutrino
Oscillations”, IFIC/07-58, arXiv:0710.0554
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DUNE Collaboration, Eur.Phys.J.C 80 (2020) 10, 978

30


https://arxiv.org/search/hep-ph?searchtype=author&query=Nunokawa%2C+H
https://arxiv.org/search/hep-ph?searchtype=author&query=Parke%2C+S
https://arxiv.org/search/hep-ph?searchtype=author&query=Valle%2C+J+W+F
https://inspirehep.net/literature/1803589

)
sin“0,,

-,
sin“0,,

Current landscape _I')'\R\ =

T T T T T T T T T T T

Normal Ordering

0.7

llllll

Long-baseline neutrino experiments

IIIIIII

0.6 T2K and NOVA currently leading the
way
0.5 (a) v-beam | | v-beam | |
ol $FDData  —BestfitPred]  prOW CNNow Higg Cth'.\:evt
s 65 &L o :_+ FDData —Bestf
0.4_— "7 2o ange l WS bkg. | 1-osyst |G
- T2K: "BF — <90%CL - <68%CL ] , - range oo
B i - [ Beam 5|5
[ NOvA: +BF | | <90%cL []<es%cL o bkg. Ol
0.3 — e v - Cosmic o
5 I S MR - > - bkg.
- 5 34
" Inverted Ordering 1 S £ &i
: : -.3 ol Lﬁ 15+ V-beam
0.6 - 2
B 5 W gt o
= 7 6 ] 5 'S_
g / 1 Ool=
05_— ] (b) 4r ‘ ] st H &
0.4— i 0 1'iTé 4 5 1 2 3 4 1 2 3 4
B T2K: — <90% CL J| Reco. v, / v, energy (GeV) Reco. v, / V, energy (GeV)
L NOvVA: <90%cL | |<68%cCL A
03__ . o B i . i “Improved measurement of neutrino oscillation parameters by the NOvA
0 T T 31'; 275 experiment” Phys.Rev.D 106 (2022) 3, 032004 [arXiv:2108.08219]
2 2

Ocp


https://inspirehep.net/literature/1907127
https://inspirehep.net/literature/1907127
https://arxiv.org/abs/2108.08219

Precision Oscillations mk\ =

Addressing this questions requires measuring small effects.

New level of precision for oscillation program.

Phys. Rev. D 93 051104 (2016) [NOvA] DUNE Collaboration, Eur.Phys.J.C 80 (2020) 10, 978
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https://arxiv.org/abs/1601.05037

DUNE astrophysics

Core Collapse Supernovae

High-statistics measurement of SN Burst neutrinos allows:

- astrophysics of these violent cosmic events.

- fundamental properties of neutrinos (e.g. oscillations).

LArTPCs most sensitive to the electron neutrino flux.
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DUNE astrophysics

lain channel, strength of LAr

Photo credit: Steve Kra\?‘
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DUNE has unique sensitivity to electron neutrino flux from SN burst.

O(3k) v, events for SN burst @ 10 kiloparsec.

DUNE, Eur.Phys.J.C 81 (2021) 5, 423



Number of Clusters

Achieving DUNE's astrophysics goals HBooNE _

—4— Data
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ArgoNeut: Phys. Rev. D 99, 012002 (2019)

Needs:
reconstruction
calibrations

cross-section modeling Run 20593 event 28812, January 7™ 2019

DUNE, “Supernova Neutrino Burst Detection with the Deep Underground Neutrino Experiment”,
Eur.Phys.J.C 81 (2021) 5. 423

“Understanding the Energy Resolution of Liquid Argon Neutrino Detectors”, Friedland, Li, Phys.
Rev. D 99 (2019) 3, 036009

“Low-Energy Physics in Neutrino LArTPCs”, Snowmass White-paper, 2203.00740
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CEvNS and COHERENT
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Coherent scattering of neutrinos on atomic nuclei
- observed @ stopped pion facilities [SPS @ Oak Ridge]
- Active experimental effort @ reactors
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A new neutrino source: p-p collisions @ LHC

FASER Collaboration “First Direct Observation of
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several plots and figures from Moriond ‘23 talk
by Brian Petersen on behalf of FASER

y FASERv

scintillator
[ .2

IFT

station station

* l

Veto scintillator

Expected Limit (+16,,5, 90% CL).

0?
m, [MeV]

Pre-shower
scintillator station

Timing scintillator
station

Tracking spectrometer stations

14

_l“_ [ — -’ ——————
—> ...................................... ﬂ..
ATLAS LOS Tungsten target et

FASERv tungsten/emulsion detector

_|l_l_
e I—

Calorimeter
Magnets & decay volume

7


https://arxiv.org/abs/2303.14185
https://indico.in2p3.fr/event/29681/contributions/122474/attachments/76425/110931/05-BPetersen-v1.pdf

Reactor neutrinos
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Lots of progress from this community in
addressing the “Reactor” anomaly
- neutrino flux predictions

Small-scale experiments @ R&D reactors
- O(meter) baselines

- CEVNS 38
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Neutrinoless Double-Beta Decay: Ovgps
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“The Physics of Neutrinoless Double Beta Decay: A Primer” B.J.P. Jones
[arXiv:2108.09364]

broad experimental landscape with multiple detector
technologies and target elements

Arbitrary Units

Observation of Ovgs would imply:

- lepton number violation
- Majorana nature of neutrino

2vBB — Standard Model
Ty = 10"8 - 1021 yrs

-0 vV,

/

— 2vfp
—— OvBB (B.R. =10
HPGe resolution

o o o o
D N o O o

4
o

=
a

o
w

o
N

; X OvBB — New Physics!
” ‘ Ty > 1026 yrs

BB

%o '0.14‘ 5
(Summed B Energy)/Q

39


https://arxiv.org/abs/2108.09364

Conclusions

The LArTPC technology is enabling a rich neutrino
physics program tackling exiting questions in neutrino
physics and astrophysics and BSM searches
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3+1 oscillations: BNB + NuMI

Events

Am2, (eV?)

MicroBooNE Simulation, Preliminary

2500

70
~ nueCC FC channel No oscillation
60 Oscillation with Am2, = 7.3 eV?
5 sin°20,, = 0.36, sin’0,, = 0
50— . ;
C sin°20,, = 0.36, sin’0,, = 0.010
2 e _ B
40F- sin“20,, = 0.36, sin“6,, = 0.005
E sin°20,, = 0.72, sin°0,, = 0.005
30 _J_hl—._
20
10
0 & 1 1 1 l 1 1 L 1 1 L l L 1 L 1 l L L 1
500 1000 1500 2000
Reconstructed neutrino energy (MeV)
MicroBooNE Preliminary
- GALLEX+SAGE+BEST 2¢ (allowed)
: ' Neutrino-4 2 (allowed)
10 ‘.-’. —— MicroBooNE 95% CL, (BNB data)
i y profiling over sin®e,,
i & in the 3+1 oscillation scenario
[ ~ P MicroBooNE 95% CL, (BNB data)
1 ;_ "'-.__ v, disappearance-only
i il IS MicroBooNE 95% CL, (BNB+NuMI sens)
! sin’e,, = 0.005
4 | in the 3+1 oscillation scenario
10 — ' — '

a.u.

numu / nue

[l MiniBooNE 95% CL (allowed)
[ MiniBooNE 99% CL (allowed)

= MicroBooNE 95% CL (BNB data)
profiling over sin°e,,

MicroBooNE 95% CL, (BNB data)
v, appearance-only

MicroBooNE Preliminary
10°E
10
= :
8 L
NEV |
g
1
10—1 Lol ol L ‘Lu e
107 e 1072 107" 1
sin°26,,,

MicroBooNE Simulation, Preliminary

BNB
— numu + anti
— nue + anti

107

10°E

107F

107 JH

250

: fJﬂLLLL Rate ratio ~180

200
il
,soif

50

1 1 1 1 1 1 1
15 2 25 3 35 4 45 5
True Neutrino Energy (GeV)

E 1
0 05 1

a.u.

numu / nue

MicroBooNE Simulation, Preliminary

10°F
NuMi
10 — numu + anti
— nue + anti
107
1078
10
1004
8ot
601+
4of Rate ratio ~25
20f} Wn‘-’
G: 1 1 1

1 1 1 1 1
15 2 25 3 35 4 45 5
True Neutrino Energy (GeV)

1
0 05 1

MICROBOONE-NOTE-1116-PUB

42


https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1116-PUB.pdf

