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Why Neutrinos?

Neutrino Neutrino
Production vVivyvPy Detection

Neutrinos at Fermilab

Theory
Beams R&D
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Neutrinos?

with other

matter (atoms & nuclei)

e Lots of neutrinos and targets
(beams + large detectors)

e [ hree

. electron (ve),

muon (vy), and tau (v:),

corresponding to charged leptons

changing flavors as

neutrinos travel

e Quantum mechanics at work

over very long distances!
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Neutrinos?

e A neutrino of energy E
starts out as flavor
e Travels for a distance L

e Detected as flavor a or

e Oscillations are determined by
e A few parameters we control:

e A few we try to measure: the
and

which is related to differences

between neutrino masses, Am
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Why Neutrinos?

OSCi”ation S

< T7 oS

_ Are there matter/antimatter
What is the

| differences in oscillations (CP
ordering of the

(i . violation), helping to explain
neutrino masses _ _
our matter-filled universe?

Standard Model Physics m
Beyond the Standard Model What is the mass

of the neutrino, and

7
UV = U
Is the neutrino its

own antiparticle? e
g why is it so small?

NSI
VS
Are there additional \

Are there new

ions weTco e sterile neutrinos

Sci//ations Oscillations

sutrinos? beyond the known
three types?



Why Neutrinos?
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Are there matter/antimatter

differences in oscillations (CP

violation), helping to explain
our matter-filled universe?
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Neutrino Production I VRV Ve Y,

Linear Accelerator
(0.4 GeV)

Booster 4
(8 GeV)

NuMI
Beam
PIP-11
Superconducting
Linac

(0.8 GeV)

Main Injector
(120 GeV)




Neutrino Production I VA Ve Y.

Proton Target
Linear Accelerator Beam T >N :
(0.4 GeV) mn I) _e_:u)trmos
Booster
(8 GeV)

Decay Pipe

NuMI
Booster Beam
Neutrino PIP-11
Beam Superconducting
Linac

(0.8 GeV)

Main Injector
(120 GeV)

NuMI horn

(one of two)

See Jeffrey Eldred's "Introduction to Fermilab's accelerators and beams (present and future)" in Session 3



J DD Neutrino Detection

v

Neutrinos are invisible ...

P

... and detected via the products
of interactions with other matter
(nuclei, electrons, etc.)
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Proton

B [ S

Baseline: ~100 meters is "short" and ~1000 kilometers is "long" relatively speaking.

Near
Detector

Neutrino
Beam

Neutrino Detection

Detector

Muon neutrinos (vy.) produce a muon or v,

uBooNE _ ‘
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30 cm Run 3493 Event 27435, October 23rd, 2015
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7cm NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.
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Neutrino Program at Fermilab

MINERVA

Precision neutrino interactions

MINOS+

Pioneering long-baseline oscillations

NOVA

Off-axis long-baseline v. appearance

SBN Program

Short-baseline oscillations and new physics

Precision long-baseline, CP violation
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2\
MINERVA (2010-2019)
e Several different target materials e Precision measurements of neutrino
e Tracking with scintillator strips with a (carbon, lead,
e Underground at Fermilab iron, water, helium)
e Insight into the and forces
e Understanding is crucial

for interpreting data in neutrino oscillation and
new physics searches

Phys. Rev. Lett. 121, 022504 (2018)
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Example: How are the emitted protons affected by
interactions inside the nucleus (final state interactions)?
Models are then be tuned to better match the data.
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Module Number

A neutrino interaction in MINERVA

in S. Gardiner's Cross Sections talk, Session 16
Images: MINERVA 12



Minneapolis
o
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Indianapolis

Magnetized Steel Trackers

Images: Fermilab, MINOS/MINOS+
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e Long-baseline neutrino
o and neutrinos

o oscillation results presented July 2020

arXiv:2006.15208

—— MINOS, MINOS+ data Far Detector
—— Prediction, no oscillations
—— MINOS, MINOS+ combined fit

20
o 10.71x10° POT v, MINOS \

The imprint of oscillations

3.36 x10°° POT v, MINOS
Y 9.69 x10%° POT v, MINOS+

Measurement of the parameters

MINOS, MINOS+  —gge, G |, * Best fit
combined analysis

\—

NOVA (2019) T2K (2020)

Super-K (2018) IceCube (2018)

0.5 0.6
SiN“0,,,

Reconstructed v, Energy (GeV)

MINOS+ measurements of the parameters
controlling three-neutrino oscillations
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e Long-baseline neutrino
o and neutrinos

o oscillation results presented July 2020

e Search for
e A possible new, additional neutrino type

Minneapolis
o

VBSCONSIN

10.56x10%° POT MINOS 99% C.L. Allowed
5.80x10% POT MINOS+ [JLSND
vy mode — MiniBooNE (2018)
[]Dentler et al. (2018)

[ Gariazzo et al. (2019) £

— MINOS & MINOS+
data 90% C.L.

—MINOS 90% C.L.

— IceCube 90% C.L.

— Super-K 90% C.L.
CDHS 90% C.L.

CCFR90% C.L. p
99% C.L. (CL,) Excluded
[ SciBooNE + MiniBooNE 90% C.L. 9% C.L. ( s)

il Gariazzo et al. (2016) 90% C.L. — MINOS, MINOS+, Daya Bay and Bugey-3

(]
Indianapolis

10 107 1072 107"
) _ 2 2
sin“20,, = 4IU_,FIU I

ua

No evidence for sterile neutrinos — strong constraints on these models

Magnetized Steel Trackers _ _ _ _ _
in G. Petrillo's Sterile Neutrinos talk, Session 16

Images: Fermilab, MINOS/MINOS+
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e Long-baseline neutrino

o and neutrino analysis
e Neutrino with matter
o of neutrino masses, matter-
antimatter asymmetry ( )
\ o and other new physics
f A Ry A. Himmel, Neutrino 2020
i NOVZNCIUc’l The imprint of oscillations
S« NOvA

-}- FD data \

— 2020 Best-fit
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1-c syst. range NOVA Preliminary

Background Normal Hierarchy 90% CL Best Fit
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NOvA measurements of the parameters controlling oscillations
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recision
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e Long-baseline neutrino

o and neutrino analysis
e Neutrino with matter
o of neutrino masses, matter-
antimatter asymmetry ( )
o and other new physics
rasaeor A. Himmel, Neutrino 2020
NOVA

Normal Hierarchy NOVA Preliminary

I

6 8 10 12 14 16 18 20
Neutrino Energy (GeV)

(]
Indianapolis

T2K, Nature 580: ® BF — <90% CL --- <68% CL
NOvA: + BF [] <90%CL [l <68% CL

Insights into a matter/antimatter asymmetry

Liquid Scintillator Trackers in S. Calvez's NOVA talk, next (Session 15)
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ArgoNeu'T 2

P ArgoNeu T (2009-2010)

LArTPC: Liquid Argon o with argon
Time Projection Chamber e Physics
3D particle tracking with

millimeter-scale resolution e Ploneermg measurements of

in liquid argon detectors

ArgoNeuT Run 806 Event 19509 @2010-01-20 01:30:28 UTC (collection view)
0

First measurement
of the ve + argon
scattering cross
section

Phys. Rev. D 102,
011101 (2020)
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MINOS near detector Search for
980 ton steel tracker fractionally-

charged particles

Phys. Rev. Lett 124,
131801 (2020) Kl

ArgoNeuT
250 kg LAr
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Neutrino Program at Fermilab

MINERVA

Precision neutrino interactions

Boost_er
Neutrino
Beam

o \ MINOS+-

Pioneering long-baseline oscillations

NOVA

Off-axis long-baseline ve. appearance

SBN Program

Short-baseline oscillations and new physics

Precision long-baseline, CP violation

18



= Short-Baseline Neutrino Program

o PG BNB

MiniBooNE's excess of
ve-like events

. Three detec;tors ° Data (stat err.)
\:lvefrompi’/i

. . R

e Short-baseline oscillations (~600 meters) ; —Jiw

I dirt

[ other
Constr. Syst. Error
Best Fit

® Vv, — Ve appearance & v, — v, disappearance

>
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e Goal to definitively address outstanding
experimental hints of
e Additional, non-interacting neutrino types

e Hints from multiple different experiments

a g MiniBooNE operated in the
Fermilab Booster Neutrino
Beam from 2002 — 2019

Updated background

analysis presented at
Neutrino 2020

e Additional physics

e Precise Interaction measurements

in G. Petrillo's Sterile Neutrinos talk, Session 16
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Short-Baseline Neutrino Program

Short-Baseline Far Detector
Beam Target MicroBooNE ICARUS-T600

Horn + decay pipe 270 tons of argon 170 tons of argon 760 tons of argon
i i i
0 110 meters 470 meters 600 meters Image:

Fermilab

| sin?20=0.1 _
S| — Ve appearance —
0.0

0 100 200 500 600 700
L (m)

Search for short-baseline neutrino oscillations
Vv, — Ve appearance and v, — v, disappearance
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Short-Baseline Neutrino Program

Short-Baseline Near Detector Short-Baseline Far Detector
Beam Target SBND MicroE ICARUS-T600
T
=
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Protons ' | =

i - L || 1]
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e Construction in 2020
e 112 tons liquid argon < i :

e SBN near detector S 5




Short-Baseline Neutrino Program

Beam Target MicroBooNE

Neutrinos . ",

Protons

| Horn + decay pipe

600 meters Image:
Fermilab

e Running since 2015
e 39 tons liquid argon
e MiniBooNE excess

e Neutrino interactions

BNB DATA : RUN 5370 EVENT 7227. MARCH 10, 2016.



Short-Baseline Neutrino Program

Short-Baseline Far Detector
ICARUS-T600
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Horn + decay pipe 270 tons of argon 760 tons of argon

i
110 meters 600 meters Image:
Fermilab

ICARUSOFNAL

e Commissioning 2020
e 600 tons liquid argon
e SBN far detector



Short-Baseline Neutrino Program

Short-Baseline Near Detector Short-Baseline Far Detector
Beam Target SBND MicroBooNE ICARUS-T600
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Protons

e Cherenkov detector with Gd-loaded water e -

® With Water ; A‘ »'-Z S Front Veto i

o production in neutrino interactions : » B o oacea ) R
() DemonStrate » &0 ;“;'V.,“ il Dr:t;r[(r

photosensors

S. Gardiner's Cross Sections talk, Session 16
E. Tiras's ANNIE poster

24



Short-Baseline Neutrino Program

Short-Baseline Near Detector Short-Baseline Far Detector
Beam Target SBND MicroBooNE ICARUS-T600
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Protons

e Near/far oscillations with LArTPCs e MINERVA: Multi-GeV neutrino interactions
e Details of neutrino-argon interactions e MINOS+ & NOVA: Long-baseline oscillation
e Analysis tools development measurements in v, — vy and v, — Ve

DEEP UNDERGROUND
m— NEUTRINO EXPERIMENT

¥
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Neutrino Program

at Fermilab

MINERVA

Precision neutrino interactions

MINOS+

Pioneering long-baseline oscillations
NOVA
Off-axis long-baseline v. appearance

Short-baseline oscillations and new physics

Precision long-baseline, CP violation
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LBNF

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

|

Sanford Underground

R h Facilit
esearc acility Fermilab

800 miles --‘)""" o .-
(/6300 k“ometers O E:—’:’E":
el
e e NEUTRINO
e PRODUCTION

PARTICLE |
e L UNDERGROUND 2aladici PROTON
€ PARTICLE DETECTOR LSS TR
© USPS sk
O, 1)
\ <2 Neutrino Oscillations
Unification Origins of  Supernovae & Anti . : Normal MH
of Forces Matter Black Holes ntineutrino m.
o and the matter-antimatter puzzle
e Searches for related to unified
theory of fundamental forces | " et nergy (6o
e Detection of
PS p h ys i CS Neutrino Energy (GeV)
e Dark matter, new interactions, and more Can this help explain why our
universe filled with matter
instead of... no stuff at all?

Images: DUNE, Fermilab
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DEEP UNDERGROUND
m— NEUTRINO EXPERIMENT

Sanford Underground
Research Facility

Fermilab
. /-‘V
800 -
G v NEUTRINO /
SaereeiEs Atk e PRODUCTION . ,
Sy
PARTICLE |
DETECTOR
L UNDERGROUND ACS’?&T&'\;OR
PARTICLE DETECTOR
L ExISTING

LABS

Far Detector | Near Detector

4850' underground On site at Fermilab
68,000 tons detector mass Powerful pre-oscillation constraints

4x17 kton modules
+ Liquid Argon TPC

Multiple complementary
(for scale) detector technologies

NOvVA Far Detector QI M '
14 kilotons N\Y

[GA N
760 tons

More details in T. Yang's DUNE talk, Session 16

Images: DUNE, Fermilab 28



Summary

I )
NuMI
LBNF
Neutrinos and their Fermilab's neutrino beams Fermilab's diverse
oscillations provide a provide a world-class experimental neutrino
window into the Standard platform for studying program continues to be
Model and beyond neutrino interactions & at the forefront of the our
oscillations most compelling physics

questions

Thank youl!

and enjoy the User's Meeting Neutrino Sessions!
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