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Wha.t 1s particle physics?




What is particle physics?

« The study of fundamental particles of
i nature and their interactions.
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Wha,t is a fundamental particle®

- Drilling down from chemistry...
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Wha,t is a fundamental particle®

- Drilling down from chemistry...

- we get the stable particles making up
nearly everything!
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What is a fundamental particle®
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Wha,t is a fundamental particle®

- Also, this.
.+ The actual photons hitting your retina in
your eye from this presentation.

Detector
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What is a fundamental particle®

.« But there are other fundamental particles
. 1oo...

- What are other sources you’'ve heard of?




O{:her fundamental particles appear...

_» Cosmic ray showers
.+ muons, lifetime ~ 2.2 microseconds




Other fundamental particles appear...

+ Fleeting collision debris from smashing
~ protons and/or electrons together (LHC).
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Oﬁher fundamental particles appear...
. Neutrinos sources
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Other fundamental particles appear...
+ Neutrinos sources

Internal structure:

inner core
radiative zone Subsurface flows

convection zone !
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What is particle physics?

- The study of fundamental particles of
. nature and their interactions.
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Fundamental Particles
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Part 2: Neutrino

Discovery




Mystery File 1: Is Enersy

Conserved?
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Fact: Energy is Conserved




Investigating 3-decay
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Missing Energy in (3-decay













A Party Faux Pas!
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A Desperate Remedy

4 Decembey 147%0

2 \V 3% @ mﬂc“’ﬂg;‘x.
rmm"?: ““::c \\oc\\acmlﬂ o 0o \t
asr BICE° yaE
Zarioh
(vo Demen w;«:: aen 350 il T, son
.L ’
+ aie8c’ o3 nandeT® °“o$¢‘“"’ et i

23



Neutrino Wanted!

Dead or Alive!




Neutrino Wanted!
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Mystery File 1: Is Energy
= Conserved?




Mystery File 2: The Missing

Neutrinos
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Neutrinos Come in 3 Flavors

— electron Havor

— muow Havoy

— tau Hlavor
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Fma,l Hypothesis: Travelling Neutrinos Oscillate in
- Flavor!
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Neutrino Mixing (short scale)

— Neutrivo bas definite %‘»\avov’
but % possible masses




Neutrino Mixing (long scale)

— Neutrino has definite mass but % possible Hlavors
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Neutrino Oscillation Probability

440 Hz
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Part 4: Down the
Rabbit Hole: Why do

neutrinos oscillate®




Why do neutrinos oscillate?

» Review Schrédinger’s Equation
_+ Free particle solution

_+ Assume some neutrino mixing
_+ See what happens later




Schrodinger’s Equation

ihQ\IJ(r, t) = HU(r,t)
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0 h
Zha\lj(r,t) — 0

« For free particle, let potential be zero
= - V(rt)=0

0 h?
zhE\IJ(r,t)— %s

VU(r,t) + V(r,t)U(r, t)

VZU(r,t)




Free Particle Solution
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propagate in x direction: r = 2.




Free Particle Solution
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Free Particle Solution
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Free Particle Solution

L0 - 9
zha\lf(x,t)— D0 da

. For free particle, let it be in a definite energy
state, H.
9 i

zha\ﬁ[f(x,t) — B — i 8x2qj($’t)

U(x,t)

To solve this partial differential equation, note
that the energy, E, is independent of x and
independent of t: Break it up into two!
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Free Particle Solution
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Free Particle Solution
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- To simplify, let us consider the & neutrino
.~ mixing case. Often used in oscillation
experiment papers!
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Assume some mixing

- To simplify, let us consider the & neutrino
. mixing case. Often used in oscillation
experiment papers!

v, > =+cosb|lv; >+ sinb|vy >
L, sty > Leostin,

Assume eigel can be written as a
linear combination of mass eigenstates.

0 is the “mixing angle”
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Seeing what happens

» Let’s compute probability of ». oscillating
. some distance later to V..
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Seeing what happens

< v, (z,1)|ve(0,0) > = —sin @ cos fe’®* + sin f cos fe'??
= —sche'®! + sche'?

- Square the amplitude to get the probability:

| < éuu(x,t)\ve(O, 0 2|  sele'l | scle'P)e

= (—scfe ' 4 scfle 1
. (—sche'? + sche'??)

— sin? 0 cos? 0 — sin? 6 cos? Ge (91 92)
sin? 6 cos? 0 — sin? 0 cos? Het(P1—2)

— sin” 0 cos? 6’(2 — [e_i(¢1_¢2) = ei(¢1_¢2)])
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o TI’iCk 5: 1 — cosa = 2sin? (g)
- %sm?(%) (2 sin? (¢1 0

<¢1—¢2

0 3@'77,2(26;2 sin?
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o1 = Ent — p1x
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 detector).
e 01— 0 =L B p Bl po)
+ Let’s let p1 = p2= E, reasonable?

mi

By = \/p1? +m] = \/B? +m :E\/1+(f)2




Wait, what’s @ again?
P(Ve o Vu) — Sin2(29) qin? (¢1 ; ¢2>

o1 = B1it — pr1x

P2 = Eot — pox

» Let’s use high-energy units,h=c=1. Let
t=x=L (L is the distance from a v source to a

detector).

o 0 L p B lp)

- Let’s let p1 = p2= E, reasonable?
B~ Jo o 5w - ()

* INn; is probably << E, so note thl awesome taylor series
approximation /1 + ;2 ~1+ 7
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¢1—¢2>
2

P(v, — v,) = sin*(20) sin* (

1 = gl Do
P2 = Eaot — pax
+ Let’s use high-energy units,i=c=1. Let
~ t=x=L (L is the distance from a v source to a
detector).

@1 — 02 = L(E1 — p1 — E> + po)
* Let’s let p1 = p2= E, reasonable?
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o1 = Ent — p1x
Q2 = Eot — pax
+ Let’s use high-energy units,i=c=1. Let
~ t=x=L (L is the distance from a v source to a
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i, o — L(Ey —p1 — E5 + po)

my

« Plugin pi =p: = -E+ 2 from last page
: mz
E-F- =

2F




Wait, what's ¢ again?
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my
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m3

2F
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Wait, what’s ¢ again?

¢1 —¢2 — L(El e S —E2 —|_p2)

my

. Plug in p =p» = =E+ 5 from last page

m3

2F

- E)

91— ¢2 = L
+ And back to the probability for oscillation:

<b1—<b2>
2

e Sin2(29) sin? (
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Wait, what's ¢ again?

: L o LB p1— Bt po)
-+ Plugin pi=p= - E+ 1 from last page

P(v. — v,) = sin®(26) sin” (
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Oscillation Probability
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Oscillation Probability

By = ¢2>
2
LAm212
=

P(Ve e V,u) — Sz’n2(29) sin” (

— s5in°(26) sin” (

« Taking care of a 1/hc
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Oscillation Probability

¢1—¢2)

2
LAm212
1K

P(ve — v,) = sin?(20) sin” (

— 5in*(26) sin” (

« Taking care of a 1/hc
? L

2
B ) sin?(26) sin* (1.27Am12 E)

where A mi, is in units of eV2, Lis km, E is GeV
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SO what! %

gawd, | wish the speaker used a
few more cartoon bunnies to make
whole this thing easier

L
= sin2(26’) sin? 1.27Am\21jE

deduce vmass > O




Finally

- It is left as an exercise to the reader to
. expand the 2 neutrino mixing case to the 3
neutrino case.




Thanks for your
attention!

» Lots of cool things I didn’t talk about:
* clirrent experiments
« sterile neutrinos
« CP-violation
« bunnies
« technological advances
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For v beam with energy E

PN / \ | v, Disappearance

<—— AL=nE/(1.27Am?*) ——> ‘\v

P(v, \ —| Vv, Appearance
/ Ism 20 / Thanks to J.
L — e Conrad for this

Distance from v source (L) plo{eig‘fuTeher

Probability

L
P(v. — v,) = sin®(20) sin* (1.27Am212—>

r N

We ObSCI“VZ ThlS deduce vV mass > 0
happening in

experiments




Unsolves

Violations




Fact Universe is Made of Matter
: (Not Antimatter)




Fact Universe is Made of Matter
: (Not Antimatter)




Can the neutrino provide answers®

Neutyivo Vv o\

A

Awbineubring

— Might explain matter vs antimatier asymimetyy
— Might be i+'s own antiparticle (called Majorana)

— MigH; be vew heavy oves
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Part &: Current

Experiments




At Fermilab

L

29 ™
Near
Detector

I T




Time Projection Chamber




Time Projection Chamber

NOT SURE IF SPEAKER DOESN’T .ll
KNOW TARDIS)S)“TIME AND
RELATIVE DIMENSION/IN SPACE?”

OR IS MAKINGJA BAD JOKE




Time Projection Chamber

NS

Detector geometrical
reconstruction
on a plane

. flat ﬁlane wire planes

' (cat ode) (anode)

- Time that electrons drift are projected to
give the horizontal spacial component.
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MicroBooNE
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M1croBool\TE

« Whole TPC

« Anode wires
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» Inserting the TPC
into the cryostat
cylinder




MicroBooNE

- Final installations are happening now!
« Commissioning this spring and summer!
- First data expected this summer!




Beyond MicroBooNE

North Dakota

Minnesota

Wisconsin
SANFORD LAB
South Dakota
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Nebraska

lllinois




