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* We think there are 17

PR LICLE PHYSICS:WHAL VWE KNGS

* This figure summarizes particle
physicist’s view of the
universe, aka the Standard Model

fundamental particles (although
we are working hard to find more)

Question: how many of these actually make up the matter around us!?



PR LICLE PHYSICS:WHAL VWE KNGS

- Weirdly, you, me and the entire world
around us are
of those particles

» Up and down quarks, which form the
nucler of atoms

* Electrons, which orbit the nuclel of

atoms Leptons




PR LICLE PHYSICS:WHAL VWE KNGS

= - o[ = [0Ur particles that help the particles
we are made of

o ais [OF the electromasnetic Torce

 The W and Z bosons for the weak
nuclear force

- Gluons for the strong nuclear force

» (Particle physicists generally pretend

)




PR LICLE PHYSICS:WHAL VWE KNGS

* Interactions with another particle, the Higgs
Boson, is how partides become massive
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and continue to stuay Its properties



PR LICLE PHYSICS:WHAL VWE KNGS

» Moving on In our tour of the Standara
model, the up and down qguarks and

elcalons all have

* VWe have these extra
particles exist!

* Why these particles exist and have

the characteristics they do Is a big epts
question In high energy physics!




NEU [ RINOS:WHAT WE KNOW

» And finally, the electron and Its sister
particles (the muon and tau)

* A neutrino gets made every time an
electron, muon, or tau Is made

* But they don't decay and
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NEU IRINOSWHAT WE KNOW
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Neutrmos goingliHRUIme!:

CHEEZEURGER.COM S5 2

« Neutrinos created in the sun, the Earth,

the Big Bang, cosmic supernovae, nuclear
reactors, bananas, etc are

« Billions and billions of them, but

they almost never interact — we are
walking through a ghost universe

* You could choose to be afraid, like this cat,

but | view It as an exciting opportunity
to learn about our universe



B IRINOS: HOW DID WE GET THIS FAs



BIEU T RINOSIFIRS | BIG QUES FISHS

» Neutrinos were first hypothesized by Wolfgang Pauli in 1930

to
(first observed by James

g | have donea terrihle thing$
' \ s . ‘ :‘.
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Neutrino = “Little Neutral One” in Italian



RS DETEC TS

» Luckily, Paull was wrong about neutrinos being

undetectable: they were ,
4 3 Detection of the Free
South Carolina: Neutrino: a Confirmation

C. L. Cowan, Jr., F. Reines, F. B. Harrison,
H. W. Kruse, A. D. McGuire

5

Both particles produce light
— signal was coincident blips of light




FORE AN ONE FLAVEES

» In 1966, an experimenit at
pt::;:\" target proton accelerator Bp ‘h N ' ‘ b '
o B ookhaven National La (1IN
| J’\;“" D P I upstate NY) discovered a second
pi-meson 3 obsliieid /' wiork aamiber <ind of neutrine —— he Rt
eam

neutrino.

e Known to be a muon nett o
necause It made a muon when It
" interacted

*k ¢« | he neutrino discovered al
Savannah river made an 2elecitc e

when 1t interacted

nobelprize.org

Based an a drawing In Sclenbific Amerkan,
March 1963
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BT RINOS IN THE STANDARD [MCHE .

» All of this led to the inclusion of of
particle physics:

and three antineutrinos

» tlectrically neutral — Interact only via the
- which means they interact

very rarely

* Orniginally, they were massless




R RINOS IN THE STANDARD MO,

& 11e exstenee of the tau neutrino was one of
Detecting a Tau Neutrino

the key predictions of the standard model

1T/ I
» [hat prediction was proven correct in 2000 = Nrescll. /oo 3 pasc o
by the DONUT experiment at Fermilab
N
N
L -,\
Tau \
lepton
o —T o
Neutrino %Egi"g oceus E;'ton % E%ﬁ?u Emulsion Tracks
beam tau lepton track |layers decay layers recorded

Of one milkon million tau neutrinos crossing the DONUT detector, scientists expect about one to interact with an iron nucieus.




SOLAR NEU TRINO PROBLEERS

* But another key prediction
broved problematic T
Published Capture Rates
. as @ Function of Time
The : : 40{’ x Observaotion ({—0 )
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5ULAR NEU T RINO PROBLEFS

The solar neutrino problem was
eventually
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Super-K's data indicated that

(Ve, Vy and V1) as they travel | ;.A;,;;,.:, TR

through space L

* Ray Davis' experiment was only
observing one kind of neutrino

. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998);



V3

Mass
States

V2

Vi

BEE NU STANDARLD MO

Weak
Interaction
States

We think that these oscillations
are happening because
neutrinos have mass and
the interaction states and
mass states are different

— the mass states are mipdlife:
of weak interaction slai=

Neutrinos have mass, but their
masses are very very tiny
— 50 liny we have Not el
measured them




NEU ITRINO BIG QUESTIONS

* We have learned a lot about neutrinos since Pauli first hypothesized
them, but they are still the least well measured particles in the Standard Model

* A lot of current neutrino physics is aimed at filling in our Standard
Model of neutrinos:

e Want to measure all of the details of neutrino oscillations!?

& |\ At are the neutrino. masses!



R RINO BIG QUES TICRES

* We are also looking for ways that neutrinos could be a portal to New
Physics Beyond the Standard model

» How do neutrinos get their mass’
- Why are they so much less massive than all the other particles!
- Are there more neutrinos we haven’t seen (sterile neutrinos)?

- How do they impact our model of the universe’

* Do neutrinos interact in ways not predicted by the standard model?



e MODERN NEUTRINO PROGREES

Neutrino
experiments all of
the world are
attempting to
answer these
questions by
studying neutrinos
from nearly all
available
sources:

Neutrino Sources

Neutrino Detection

Experiments

The Big Bang

<
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10

Super-K
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KamLAND

LBNF
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WATCHMAN

104

Supernovas

>

<

Nuclear Reactors

Aprr——

The Earth
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108

Cosmic Sources

<

Atmosphere

Particle

Accelerators
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1010
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Neutrino Energy (eV = 1.6x10-9])

KamLand
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Hyper-K
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EVA
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KM3NEt

1016

1018



i MIODERN NEU TRINO PROGESES

Neutrino
experiments all of
the world are
attempting to
answer these
questions by
studying neutrinos
from nearly all
available
sources:

Supernovas :
Cosmic Sources
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2 Some of the most useful ar Reactor N

: | Nosphere

L neutrinos are those made by particle :
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B accelerators. These are special because L

g they use a controllable man- Accelerators
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U FL ERATOR-BASED NEU T RIFNESS

. 5 — Muon Monitors
Figure courtesy Z. Pavlovi¢ Absorber

Decay Pipe
Horns (s U RS
Target / \
! 00
of rock
- 18 m
Om 30m 12 m

675 m Monitor

The NuMI neutrino beam starts

with a 120 GeV proton beam from _ _ _
Fermilab’s main injector + Protons impinge on a graphite target,

creating charged pions and kaons
(among other things)




U FL ERATOR-BASED NEU T RIFNESS

Decay Pipe

bl Gl
Figure courtesy Z. Pavlovic Absorber

Horns

Target / \

675 m Monitor

The pions and kaons are focused
by a pair of focusing horns. +Horns are basically large

electromagnets

+\We can configure them to create
neutrino beams or antineutrino beams



U FL ERATOR-BASED NEU T RIFNESS

bl Gl
Figure courtesy Z. Pavlovic Absorber

Decay Pipe
Horns
Target

The pions and kaons decay in a Everything but neutrinos is
6/5 m long pipe, producing stopped in using an
muons and neutrinos absorber+rock




U FL ERATOR-BASED NEU T RIFNESS

. 5 — Muon Monitors
Figure courtesy Z. Pavlovi¢ Absorber

Decay Pipe

Horns

Target / \

~210 m
of rock

Only neutrinos arrive at the

detector




R FL ERATOR-BASED NEU T RIS

» Accelerator based neutrino experiments involve producing a neutrino beam
and observing It In detectors a short or long distance away

.

Ash RiverSoudan.
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» [here are two currently operating (NuM| and BNB) and one planned
accelerator-based neutrino beams in the US (LBNF).



e DUINE EXPERIMERTE

 The planned beam (LBNF) will provide neutrinos to Deep Underground
Neutrino Detector (DUNE):

Sanford D ~ -
Underground [ S

Research e .
Facility s e

Fermilab

N
~
-~
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DUN

i | JUINE EXPERITIERES

- will be a huge and very high resolution detector

Tyrannosaurus Rex

Will be more massive and
have more intense beam
than any currently running
experiment

Wil be able to measure
neutrino oscillations,
including CP violation

Also: supernova, solar and
atmospheric neutrinos,
sterile neutrinos



L P VIOLAT IR

* Why we care so much about CP violation:

+ Ihe Universe appar el

contains much more matter
than antimatter

¢ lnE s el

Stanaare

bredicted By the

Model = celear el

evidence that the Standard
Model is flawed

« CP violation is something

that would cause there to be

more matter than antimatter...



VIO AT IO

* Why we care so much about the CP violation:

@ (©> <©> + (P violation allows particles

positive charge negative charge left handed right handed and their anti p al’tiCIES to
behave differently

\ *  Wed really like to know whctiner
neutrino oscillations are

violating CP

electron positron



EE VIOLATION Al 20U

to electron neutrinos

The energy spectrum of the

[IEL
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1@ e observe In Solth

a will look diffe

re

n¢,

depending on v;hether

neutrinos engage

in CP

violation, and by how much

Events/0.25 GeV

150

100

DUNE will measure CP violation by looking for muon neutrinos that oscillate

34 kton LAr @ 1300 km
3 yrs v mode

80 2GeV p beam, 1.2 MW
sin“(28,,) = 0.08
~—— Signal, 8., = 0"
Signal, 8. = 90°
—— Signal, 8., = -90°
NC

g v, CC
CJv.CC

Beam v, CC

Reconstructed Neutrino Energy (GeV)
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EE VIOLATION Al 20U

34 kton LAr @ 1300 km
3 yrs v mode

80 GeV p beam, 1.2 MW
sin (26,3) 0.09

~ Signal, 8., = 0"
Signal, 8. = 90°
— Signal, &, = -90°

NC

g v, CC
CJv.CC

Beam v, CC

4 6
Reconstructed Neutrino Energy (GeV)

When DUNE data arrives, we will essentially
place the energy spectrum that we
observe on top of these predictions

and pick o

(F Dilase L

~

the va

nat best

ues of the mass hierarchy and
match the data

Of course, we are physicists, so we will make
things a lot more complicated than that

But that Is basically how it works

S0 these predictions are really critical to

our measurements of oscillations



BEU | RINO IN T ERAC THONS 1IN TS

» Jo make those predictions, we need a precise model of the neutrino interactions that

will happen in DUNE:, that will look something like this:

1 his turns out to be complicated, because neutrinos interact with nuclel,
and nuclear reactions are very difficult to predict theoretically



e MINERVA EXPERINMER

The MINERVA detector was
to measure neutrino
Interactions in nuclel, so that
we can model them in
experiments like DUNE




e MINERVA EXPERINMER

MINOS Near Detector: measures
particles that exit the back of MINERVA

MINERVA
Inner
Detector:

Plastic

\
s\‘@/' MINERVA
/ Outer HCAL:

Plastic + Steel



e MINERVA EXPERINMER

Each plane is formed from 127 triangular
plastic strips (3.3 x 1.7 cm) arrayed in one
of three orientations for 3-dimensional
reconstruction

Inner tracking volume is made entirely of plastic
scintillator planes



e MINERVA EXPERIMIERER

I
Helium Target '.i “‘M‘II l.
. __JAN

90

Fe, Pb Fe, Pb C, Fe, Pb WATER Pb Fe, Pb

Most upstream region is designed
to enable measurement of cross
sections across different nuclei



PHINERVA TIMELITNE

_M = E,RVA Construction Data-taking Data-taking
S oAl Begins Begins Complete
Proposed
2U0) 2006 2009 2017
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INTERACTIONS IN MINERVA
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