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No such tﬁing as a

dumb quesu’on




CBeg[ore we dive in...

What is the “size” we will be m[ﬁing about?
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Galaxies

Not m[ﬁing this...

Elephants
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Not even tafﬁing this...



T mm
(1/25%" of
an inch)

0.0000003 mm
or
3x 107 mm

Water
Molecule

Hydrogen
0.0000001T mm — Atom

or
107 mm

D -

electron

proton

0.000000000001 mm Quarks and
102 Gluons in
Proton

gluon

-

less than
0.000000000000001 MM Quark

or
107" mm

preons?

Somewhere here....



Now...how many @C you know what this is?
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Mendeleey’s }?eriod’ic table : Scale (j: the atom and its constituents

16

7
78

9

10

— 88—

n
1B

3A

7173

Fe

7625

7371

Cu

745.5

Joz

7102

ez

BO44
(7=

Pt

730
kLl 1

Au

890.1

SA

Hs

1
Ds

Sm

Gd

Th

Pu

Cm

Bk [

SILE I8 ATOMS

SIZE IN METERS

1 -
100,000,000 0 e _J‘,

1ﬂ-1E

(4T LARGEST)

11




Mendeleey’s }?eriod’ic table : Scale (j: the atom and its constituents

16

7
78

9

10

— 88—

n
1B

3A

7173

Fe

7625

7371

Cu

745.5

Joz

7102

ez

BO44
(7=

Pt

730
kLl 1

Au

890.1

SA

Hs

1
Ds

Sm

Gd

Th

Pu

Cm

Bk [

SILE I8 ATOMS

SIZE IN METERS

1 -
100,000,000 0 e _J‘,

1ﬂ-1E

(4T LARGEST)

12




The Standard Model of Elementary particles

Leton

Who can exp[m’n this to me?
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The Standard Model of Elementary particles

. ‘l'ﬁeory about flmd'amenm[
ingredients of matter and how they

interact with each other

» Everything known in this world is
made of these (and their mirror

images)




The Standard Model of Elementary particles

» Theory about fundamental ingredients
of matter and how they interact
with each other

» Everything known in this world is
made of these (and their mirror

images)
e For this talk,
we will focus on NEUTRINOS




A Word about Forces...

Gravitational Strong

f[éctromagnen’c Weak
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A Word about Forces...

Gravitational (gmw’wns)

* Solar System
* Black holes

e Galaxies

(gravitons not

yet cliscovered!)d -

-

f(ectromagnetic (}oﬁotons)

Strong @fuons}

’Weaﬁ (W/Z bosons)
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A Word about Forces...

Gravitational (gravitons) Strong @[MOHS)

* [3incls the nucleus

* Solar System
* Black holes

e Galaxies

(gravitons not

yet cliscovered!)d -

-

f(ectromagnetic (}oﬁotons) Weak (W/Z bosons)
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A Word about Forces...
Strong (q[uons)

* [3incls the nucleus

Gravitational (gmvi‘wns)

* Solar System
* Black holes

e Galaxies

(gravitons not

yet discovered!)

ffectromagnet[c Qoﬁorons)

Atoms
Chemistry
Light

magnets

negatively-charged electrons

positively-charged nucleus

Weaﬁ (W/Z bosons)
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A Word about Forces...
Strong (q[uons)

* [3incls the nucleus

Gravitational (gmviwns)

* Solar System
* Black holes

e Galaxies

(gravitons not

yet discovered!)

ffectromagneu’c (}oﬁotons)

Atoms
Chemistry
Light

magnets

negatively-charged electrons

positively-charged nucleus

Weaﬁ (W/Z bosons)

* Neutron decay
* Raclioactive cecay

* Thsicle the sun




A Word about Forces...

Gravitational (gmviwns)

* Solar System
* [Black holes
e Galaxies

(gravitons not

yet discovered!)

g

f(ectromagnetic (}oﬁotons)

Atoms
Chemistry
Light

magnets

negatively-charged electrons

positively-charged nucleus

Strong @fuons)

* [3incls the nucleus

/ Weaﬁ (W/Z bosons) \

We will revisit this

in the later slides...




Wﬁy Stucfy Neutrinos?

. FLAVORS
2 TYPES

Neutrinos can yrovidé answers to some

qf the Ew’ggest yuzz[es in the Universe!

Electron

roton

eutron

MNucleus

... from the structure of the Atom to the formation of a Star!
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The Big world @C [ittle neutrinos!

Wﬁy is there more matter in the

Universe than anti-matter?

What is Dark Matter made (ﬁ

How are stars formecf? i‘ggs '

Dark
Matter
24%

How do stars co[[a}ose?
How does Sun shine?

How many f[avors does neutrinos TODAY
come in? How does that imyact our undérsmnd'ing of the Universe?

.‘.anafso on
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The Big world cf [ittle neutrinos!

e Furthermore,
— Neutrinos gave the ﬁrst direct evidence that Standard Model is
not enougﬁ to describe the ]oam’c[é world

— How neutrinos get their mass is still a myswry! ?

24



Q: Where do neutrinos come ﬁom?
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Q: Where do neutrinos come from?

aA: almost everywﬁere!

Cosmological, Solar, atmospheric,
Natural o .
a; cosmic, supernovae etc.
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Q: Where do neutrinos come from?

aA: almost everywﬁere!

Natural o Cosmological, Solar, atmospheric,

cosmic, supernovae etc.

s Even Bananas

Neutrinos....wh
10-4 10-3 . g q 1010 10!! 1012

|Reactor &
Artifici

— Human made |




How to detect Neutrinos?

Two tﬁings to remember:
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How to detect Neutrinos?

Two tﬁings to remember:

1. ‘J'ﬁey are aﬁuna[am‘ CLHC[ QCLSy ﬁ)}ﬂ?’OO[UCe in C(ZPiObLS amounts

near[y ~100 billion neutrinos 4o tﬁrougﬁ your thumb.. what!?
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How to detect Neutrinos?

Two tﬁings to remember:

1. ﬂ'ﬁey are CLEUTLC[@TLI' CLHC[ easy w}omcfuce in CCZPiOUS amounts

near[y ~100 billion neutrinos 4o tﬁrougﬁ your thumb.. what!?

2. Neutrinos are very, very, very..weaéfy im@mcu’ng
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How to detect Neutrinos?

Two tﬁings to remember:

1. ‘J‘ﬁey are QEMHC[@HT CLHC[ easy X6, Jﬂ?’OC[MC@ in COJO’iOUS amounts

nearfy ~100 billion neutrinos go tﬁrougﬁ your thumb.. what!?

2. Neutrinos are very, very, very..weaﬁfy intzmcting

How weak you ask?

Image from: B. Flemming
v Can travel up to 200 earths
'.0..“ without interacting!

Actually, can pass through a light year of r
lead without interacting!!

%
T,
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How to detect Neutrinos?

Two tﬁings to remember:

1. ‘J‘ﬂey are QBUTLC[OLTH' CLHC[ easy X6, }ﬂ’OC[MCé in CO}ﬂiOUS amounts

nearfy ~100 billion neutrinos go tﬁrougﬁ your thumb.. what!?

2. Neutrinos are very, very, very..weaéfy im?mcn’ng

How weak you ask?

Can travel up to 200 earths

without im'emcting!
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Neutrino fxyeriments

Stmwgy:

1. Produce them in [arge cluantiu’es in a well cﬁeﬁneo[ area
2. Put sometﬁing very dense, very 6ig and very sensitive for neutrinos to

interact

Lets [OOE at some COO[ QXOLTYLJO[QS.'
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experiment in Japan

=

Suyer-’KamioEana[e neutrino

I n +
o . - e -
To study solar and atmospheric neutrinos

-..'l-

_ . T Dimensions: ' (1000 m underground)
N ~41 m height Water Cherenkov detector
e —30m diameter tank e o
S 50,000 tons of water [ =" o
SR ~11,000 PMTs : - - | v s <
- = -1 I + - : } - “u 'q-w..
-, N - # J ]
~ ‘e
" | Researchers sitting § "j
T in a boat —
= Sl inside the detector @ s S
- '.. 1‘ -I‘ -' l; i'-rl e e
. - . -
ERRRERRER: T



http://www.ps.uci.edu/~superk/

The Sucfﬁury Neutrino Oﬁsewamry in Canada
Dimensions: = & |
~ 12m diameter tank =

To study solar neutrinos
(about 2 km underground)
A water Cherenkov detector

11000 tons of heavy water| __’-:;f’#
~9000 PMTs




The Irvine- ’Mtcﬁzgom @rooﬁﬁowen detector

1 : e . e - B -
To study nucleon decay
(about 600 m underground)

A water Cherenkov detector
. - -AS

Cubical tank
17x17.5x23 m

2.5 million gallons of
Pure water

~2000 PMTs

A scuba diver swims
through the detector

-
3

?
b5

-
lllllf‘l
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The MicroBooNE Detector @ Fermilab




How do neutrinos interact?

Charged current (CC)
interactions
(W*~ exchange)

Neutral current (NC) interactions
(Z exchange)
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How do neutrinos interact?

Charged current (CC)
interactions
(W*~ exchange)

nucleaon

3 . : Zi
~Something .
Remember? <V

Leptons

Neutral current (NC) interactions
(Z exchange)
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MUU’iTlOS cannot 68 C[QI?CWC[ (ﬁrectfy...

Charged current (CC) Neutral current (NC) interactions
interactions (Z exchange)
(W*~ exchange)

nucleon

= Something

Outgoing lepton determines the
neutrino (anti-neutrino) flavor

eg., U —» 1)ILL

N —»anti-l)H

40



How do neutrinos interact?

Charged current (CC) Neutral current (NC) interactions
interactions (Z exchange)
(W*~ exchange)

nucleon

Something

= ’something >

Outgoing lepton determines the
neutrino (anti-neutrino) flavor

eg., U —» 1)ILL

N —»anti-l)LL

Leptons 41




How do neutrinos interact?

Charged current (CC) Neutral current (NC) interactions
interactions (Z exchange)
(W*~ exchange)

nucleon
nucleon

P Something < Somet lng,f‘j:,\

NV
NV

e Unlike CC, NC is tricky!
* No outgoing lepton to know
neutrino type

Outgoing lepton determines the
neutrino (anti-neutrino) flavor

e-g'1 !J‘- —» D
" Big worry as a background to

L —panti-v many analyses!
1)
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g‘[bW Cﬁ&f We€ CHSCOVQT neutrinos?

ﬂ{aoﬁoacﬁvﬁy?
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g‘[b\/\/ 6[16[ we C[iSCO\/QT neutrinos?

Raclioactivity — Nucleus emits particles due to nuclear instability

Gamma clecay

Alpha clecay

@ py]

Y - radiion : high-enerqgy
electromagnelic wave

[Beta cdecay
nitrogen-14

* Henri Becquerel SSEDOR: 13

e Marie Curie

‘-____i'

* 1GO73 noble prize Emmnh:h

; o (electron)




g‘[bW CﬁC[ We€ C[iSCOV@?’ neutrinos?

- 2
E=m™McC
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g‘[bW diC[ Weé C[iSCO’\/QT neutrinos?

- 2 - = .
E=mcC (I:nerqy—mass conservahon)

* Energy Is always conserved
* £Energy can neither be created nor destroyed only can be transformecl

into a clifferent form

46



‘]‘[bW c[w[ Weé C[iSCO'\/QT neutrinos?

- 2 - = .
E=mcC (I:nerqy—mass conservahon)

* Energy Is always conserved
* £Energy can neither be created nor destroyed only can be transformecl
into a different form

* | he Problem: Enerqgy clicn't seem to conserved in [Beta clecay!?
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g‘[bW CﬁC[ Weé C[iSCO'\/QT neutrinos?

- 2 - = .
E=mcC (l:nerqy—mass conservahon)

* Energy Is always conserved

* £Energy can neither be created nor destroyed only can be transformecl

into a different form
* | he Problem: Enerqgy clicn't seem to conserved in [Beta clecay!?

Chacwick, TG 14

[Beta clecay before 1G30
nitrogen-14 2 Observed Expected
o electron
5 spectrum of
carbon-14 2 penergies energy
il
S
@
]
——— E
;L’< Beta particle =
{electron) =
Ener
o Endpoint of
spectrum

48



Wogfqang Pauli and Beta c{ecay

Could there be another “invisible” particle
coming out of the beta decay that can

explain the missing energy?
Invisible = neutral (cannot detect)

Enerqgy conservation not violated, it was

carriec away by another neutral particle

Initially this neutral particle was thought to be the neutron, Chaclwick
cliscovered neutron in 1G372!

[But Pauli realized that the proposed particle should be massless!

49



Wo%ang Pauli and Beta c&acay

(13 “ e 7" .
Could there be another “invisible™ particle

coming out of the beta cecay that can

- v R = P t.
L e N e qu o 253 n

Abaohrift/15.12.56 0 2W

Ortangr Briaf an dis Jmunpe dar Radicaktiven bel der
Gonveraina-Tegung zu Tabingen.

Abmobrd It

Physikellisches Instltot

dar Eldg, Technisehet, Hochackula Hriah, lj. Des. 1930
rioh Dloriastran=e

Lisbe Bedicaktive Damen md Herrmn,

Wis dar Usbavbringsr disssar Zallsn, den ich Maldvollast
enmuhdren bitte, Ihnan des nEhearsn sussinsndersetisn wicd, hin ioh
angesichts dar "falschen®™ Statistik der B und Li-5 Eerne, sowle
des Iontloulerliche: bets-Cpelctrume puf olowmn varpreifealtan ineweg
varfallen um dep "Woolwelsate®™ (1) der Statistik upnd den Enargienats
wm retien. WhEmlich dis Magl rnnten elektrisch neutrals

Sepnd Visisl Archives

Frszdn AIP, Emiko

Tellohen, e Loh Neutronan
velehe dem Spla 1/2 haban wod Dagr Radioactive Ladies and Gentlemen,

vou devealben Crioas I have done a terrible thing.
s nloht groapar alas
o Zaonm wire awn ™ T have postulated a particle that cannot be detected
el dwrurd, dass tle Sumne -

konatant lat.

Pauli called this particle as “neutrino” means “little neutral particle”
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Wogfgamg Pauli and Beta c{ecay

Now, all is [eﬁ is to discover it!

51



The ofiscovery of anti-neutrino (1956)

‘Reines & Cowan

. ‘Amﬁcia[@ Jorocfucecf neutrinos 1995 nogfrile

ﬁom nuclear reactors
— emits around 10 trillion anti-

neutrinos per cm’ per sec - a [ot!

e Inverse ‘Beta décay

L_JE—I—_]J—?E_I_—I—H

__— neutron |
= = i

Electron &l p & —
e S . \\‘
qnﬁ'M "4  positron

Cﬁarge conservation 1’65”[1'5

n emission of an n and e+



‘Tﬁe C{L/SCOVQTy (Zf more neutrino WP@S

. fvery cﬁargeof Joam’c[e is accomjoaniecf Ey a
neutral cousin - rules of Standard Model

eﬁ H:’C

°> 00

Leptons
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‘Tﬁe cﬁ’scovery (Zf more neutrino W}’)QS

. f\/ery cﬁargecf Jaam’c[é is accomjmniecf By a
neutral cousin - rules of Standard Model

e ur T

PP
> & &

e In 1988 another type of neutrino was discovered at BNL - muon neutrino

Leptons

e In 2000, another type neutrino was discovered at Fermilab called “tau”

neutrino




‘Tﬁe cﬁ’scovery (Zf more neutrino ly]oes

Okay, great! nied by a
We have found 3 neutrino flavors “Model
electron, muon ancl tau T
That seems like plenty! v

N

But,
e In 1988 anoth Are there more than three neutrino
* In 2000, anoth neutrino types? " “tau”

neutrino

We will come back to this later...




Lets think about Solar neutrinos a bit...

J— . . . apre 13 7 .
* The nuclear reaction processes In Sun emit trillions of “electron™ neutrinos

=
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Lets think about Solar neutrinos a bit...

— . . N TR (13 1 .
* The nuclear reaction processes in Sun emit trillions of “electron” neutrinos

i -
1 - . ..-_"".
\ A

o

- _I"

* The HomeStake mine experiment Buul’c N abcmcloned mine in South Dcnlfota

— located 4,500 feet underground / D|ameter-20 ft |_ 48 ft

* They wantecd to measure the solar
neutrino flux
— flux refers to how many neutrinos

arrive earth in square cm per sec

What they found changed

the course of the

100k gallons of
Perchloroethylene

neutrino history!!




The Solar Neutrino Problem

* The HomeStake experiment observed that the

(1) L) . (13 7
— "measured electron neutrino flux << “expectec flux

* Almost 2/3™ of the electron neutrinos were lost along their way from SON

This was a big puzzle!
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The Solar Neutrino Problem

* The HomeStake experiment observed that the

(1) L) . (13 7
— "measured electron neutrino flux << “expectec flux

* Almost 2/3™ of the electron neutrinos were lost along their way from SON

This was a big puzzle!
* This result was later confirmed by many experiments such as SNO
SO,
Is the theory wrong? Is the experiment wrong? Where is the problem?

How can neutrinos clisappear?
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The Solar Neutrino Problem

* The HomeStake experiment observed that the

(13 7 . (1) 7"
— "measurecd electron neutrino flux << “expected” flux

* Almost 2/3rd of the electron neutrinos were lost along their way from SON

This was a great puzzle!

* This result was later confirmed my many experiments such as SNO
SO,
Is the theory wrong? Is the experiment wrong? Both wrong? Where is the problem?

How can neutrinos clisappear?

ANSWEIR: Neither are wrong!

Ray Davis, John Bahcall

20072




The Solution...

. bt 7" . (13 7"
* A\ neutrino createcd as one flavor can change into another flavor™ as

¢ -¢-9
V )
mn e

* So, the electron neutrinos createcl by sun would have changed flavor along the

they travel

way to earth and since the other flavor were not accounted for, you see a cdeficit

* [3ut, as weird as it soundls, why cloes this happen?
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Neutrinos Oscillate!

A neutrino created as one ﬂcwor can cﬁange into another ﬂcwor.'

LONG DISTANCE

Detector
‘ - {» — =
"uM \ Ue

Wﬁy?

“FLAVOR?”
STATES

“MASS?”
STATES

+

(HOW THEY
INTERACT)

(THIS IS HOW
THEY TRAVEL)

THEY TRAVEL AS A COMBINED STATE, BUT, DETECTED AS A SINGLE STATE
62



Neutrinos Oscillate!

A neutrino created as one ﬂa\/or can cﬁange into another ﬂcwor.'

Neutrino oscillations between different flavor states can only

(1 "
happen If they have mass

Stanclard Moclel preclicts zero mass to neutrinos
[Hence,
This 1s a compelling evidence showing that the theory that

was believed for many years to be perfect cannot

CMAS accommoclate massive neutrinos!

STAT
(THIS I¢ . S . -
THEY TH Neutrino Physics took a BIG turn after this!

THEY TRAVEL AS A COMBINED STATE, BUT, DETECTED AS A SINGLE STATE

R”

IEY
CT)
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[Probability of one
neutrino flavor
converting into

another

neutrino flavor

Oscillation probability for

a electron neutrino as a

function of L/ E

Neutrino Oscillations

B is the mixing angle

o

P =[sin*26

osc

Am? = m,2-m,?(eV?)

2-FLAVOR

L is the distance that
neutrino travels (km)

E is neutrino energy (GeV)

Oscillation probabilities for an initial electron neutrino

1.0:
0.8 V
| M
_
= 06
=
E V
a: 0.4 (]
02 V
' T
0.0
0 5000 10000 15000 20000 25000 30000 35000
64

L/E (km /GeV)



Neutrino Oscillations

2-FLAVOR

Am? = m,2-m,?(eV?)

[Probability of one 0 is the mixing angle

< I

neutri P

conve ‘

ar L/ E is called the baseline of a neutrino experiment
neutr And i1s critical to
cdefining how oscillations evolve over a certain distance..
Short-baseline experiments: L is ~1 km
| Long-baseline experiments: L is ~TO00 km
Oscillon
a electron.

Probabi

function of L/ E

L/E (km /GeV) 65



How are oscillations detected?

? ?
- ® @ - e ¢

V beam —— Near detector ar detector

The measurement of oscillation itsegf is not as sim]o[é as it sounds,

mcmy COWLJO[’[COH’[OHS [1:6 to maﬁe a measurement!



How are oscillations detected?

?
v, e Y
S 9

V beam —— Near detector

?
> & @

ar detector

The measurement of oscillation itseg" is not as simjo[é as it sounds,

many comjofications [ie to make a measurement!

Neutrino oscillation exyeriments are ]orimari[y 4 types

- Solar

\

- ﬂtmosyﬁeric

- Reactor

~ Accelerator

—

Natural sources

Artificial sources
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How are oscillations detected?

?
v, e Y
\\"_"p'b

V beam —— Near detector

?
> ® @

ar detector

The measurement of oscillation itseg" is not as simjo[é as it sounds,

many comjofications [ie to make a measurement!

Neutrino oscillation exyeriments are ]orimari[y 4 types

\
- Solar
, Natural sources
- ?ltmosyﬁemc
- Reactor o
. Artificial sources
- Accelerator

Lets talk about this a little bit....
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The Fermilab Site
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Fermilab’s Booster Neutrino Beam (BNB)
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Fermilab’s Booster Neutrino Beam (BNB)
How does it work?

s FNAL booster target and horn
) % “(8 GeV protons) (174 kA)
Beryllium target




Fermilab’s Neutrinos in the Main Injector (NuM1) beam

.......

Length mm#._ 2
Proton Ené‘:ﬁ‘—&ﬁ MeV-

Circumference: 3. 3km G il .
Proton Energy: 120 GeV, . . ) 4




Several Neutrino expem’ments at Fermilab...
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‘A ton of evidence for Neutrino Oscillations since 1998!

SUPER-K MINOS DAYABAY

v disappearance v, disappearance anti-v_ disappearance
350 T : cE r
g E —— expected number without oscillations Em :_ v rﬂ'_dm.nlnale‘j bEElI'I'I _-_ 800 __ + Far hall
PaonE-o Secamea e ETH to7ixae®poT ] O —
e 250 E_ 500 | Ny contained-vertex v, 71 2 60
s é | % 400 - - —e— MINOS data B S -
8 200 '_._r—,_ i T ++,', —— Best fitoscillations { £ **[
E 4 - S ' ---Nooscllations ] = |
231505 —+- Eam? [ - INCbackground § **F}
100 E u:'j 2[]{] _:lﬂﬁﬁmic-mynmmé s of ) .
50 L 2 L r++++No oscillation
L z . —— Best Fit
0 100 L g
s =
-1 -0.5 . 0.5 1 ok A W TR 3
1 < l 0 2 4 6 8 10 12 14
upward going downward goin NEut"l I'II‘..'.I EnEfg‘f {GE“

travel kength ~13000km travel kength ~20km

Isotropic N of
COSmMIC rays




‘A ton qf evidence for Neutrino Oscillations since 1998!

SUPER-K DAYABAY

v, disappearance anti-v_disappearance
g 350 E — axpected numbegisithasaalliaticn —4— Far hall
g 300 .:._ .- ?h::::d :‘j::: 4 N I&) —}— Near halls (weighted)
5 250 F (= A
g200F *I-
£k 9015 NOBEI
= . -
< :
100 = ] ] : .
f Takaaki Kajita T o
e Arthur B. McDonald  §s™
- o T g— "‘-._- P T N P T
Jp“:d qn:liwr,—]m y Fﬁh} 'r_. -""_"-."". Pronipl energy (MeV}) -

-
A
L e i
.
< . I EE A
. - =y 2 i T

/ % g 4 2

e discovery to 1 (10 oscilTatiog®

ich indicate neutrinos have mass
M D e s 3

Fermilab € =




We have come a [ong way...

Neutrinos oscillate; tﬁey come in 3 ﬂavors; tﬁey have mass

e ﬁ . . CP Phase:
nlike guarks, neutrino mixing angles are large! , ,

u 9 ’ g 41y Y How neutrinos differ

Neutrinos and anti-neutrinos behave cfiﬁ%rent[y fV , )
om anti-neutrinos

- CP Phase is non-zero - as all 3 ang[es are non-zero

Current Enow[ec{ge of Neutrino Mixing: 3 ang(es and one ]aﬁase

NEUTRINO 1 0 0 cosls 0 sinﬂl cosflyy  sinfyy 0
MIXING [7 = | () cosllys Sinflys (0 1 0 —sinbhy cosbhy 0
MATRIX . . ;

0 —sinfyy cosby) \—sinfise®® 0 coshys 0 0 1

(THIS IS HOW
THEY ARE
DETECTED)

(THIS IS HOW
THEY TRAVEL)
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We have come a [ong way...

Neutrinos oscillate; tﬁey come in 3 ﬂavors; tﬁey have mass

Unlike quarﬁs, neutrino mixing cmg[es are [arge!

Neutrinos and anti-neutrinos behave differently

- CP Phase is non-zero - as all 3 ang[es are non-zero

Current Enow[ecfge of Neutrino Mixing: 3 angfes and one Joﬁase

(23) Sector: ’Atmosyﬂeric (13) Sector: Reactor+Accelerator

0 0 {305913 0 S’iﬂglgﬁ_ﬁCF CUSE]H Sinﬂu 0
603923 S’ﬂ'ﬂgzg 0 1 0 —S’inglg [.'.05912 0
0 —S‘E'ﬂgg;j (,'05923 —S’iﬂalgﬂi%P 0 (,'.05913 0 0 1
2 _ +0.13 —-3,.\2 2 2
Amatm — 2.43_013 X 10 eV Am 3 ~ Am 1
Sirﬁezs ~ 0.45 smzep <0.02

One of the main goafs of Current Oscillation exyeriments is to make

iy , 79
“precision” measurements of 0,,0 and the mass difference, Am®



mass (eV)

Lets t&lée a Sl?}? BOLCQ cmcf tﬁl?’lé OLEOLLI' Wﬁ&lf weé feamt..
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Note we can only measure neutrino

mass square clifferences not absolute

MAasses...
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mass (eV

Lets t&lée a Sl?}? BCLCQ cmcf tﬁl?’lé CLEOLLI' Wﬁ&lf weé feamt..
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GeV

MeV

=
)
| IHI| L L \IIlLLL‘ [ III

keV
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eV

meV

o

Are there ONLY three neutrino ﬂavors?

Wﬁy do quarés and [éywns exhibit
cfiﬁ%rent behavior?

Wﬁy is tﬁere sucﬁ [a,rge g&l}? Between

neutrino masses CLTlC[ Gluéﬂ’é masses?

Are neutrinos their own mirror symmetry?

— do anti-neutrinos oscillate same as
neutrinos

What about “absolute” neutrino masses?
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mass (eV

Lets t&lé@ a Sl?}? BCLCQ cmd’ tﬁlﬂé 61601/”: Wﬁ&lf weé [é&l’l’?’lt..
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o Neutrino Mass orofering?

- ‘Rememﬁer we on[}/ QHOW mass diﬁ(erences

not exact masses...

m? m?
A [~ ] Ve A
Vi
Normal ™= Y:] Inverted
my’ - | S — -,
solar~7x10%¢V?
: N
atmospheric 1
~2x1073e V2 .
atmospheric
]nzz__ Ji=r=2) "'2)(10_3BV2
. solar~7x10%V? y
m“1 = — -1,
?
0 0
82



Lets t&lée a Sl?}? BCLCQ cmcf tﬁl?’lé CLEOLLI' Wﬁ&lf weé feamt..

o Neutrino Mass orcfem’ng?

\IHI| T TTII \IIIW‘ T T T IHH‘ I\IIHI| TTTT)

IHIII| \III'\: T I!IT!] [ TTT

T T T [ T T 1 TeV
ué

These currently form the big guestions in
Neutrino IPhysics
Ancl
A lot of experiments are being built to

aclclress these!

eV
solar~7x1073¢ V2

meV

ted

9
-u-mf,“
% 7 &
SGV'
. -

ﬁiiﬁospheric

o

- ﬁememﬁer we Oﬂ[y QHOW mass dlﬁ%renaes



Lon -Ease[ine experiments
q P

Precision measurements qf mixing parameters CP Violation?

Neutrinos mass ﬁiemrcﬁy? Neutrino vs Anti-neutrino oscillations

also, T2K in Asia T 2 ’E \

—

Fermilab Long-baseline
experiments

“DENE -
(HOmE Stake)

MilwauNee '

MNMOoeDhras

3¢ Fermilab 55




S 601’1'- BCLS € ﬁﬂe expem’ments

Are there more than 3 neutrino ﬂcwors?

~ Sterile neutrinos?

.
EEEEEEEE NN

Neutrino Beam,c .f .
{ :

Fermilab Short-baseline

ICARUS (T600)

exyem’nwnts

Trqposec( SBN program




New detector wCﬁnofogies Being

Qmpfementch to achieve Jo’recision...

Licluicf ﬂrgon Time CProjecu’on Chambers are the

next genemu’on neutrino detectors
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New detector tuﬁno(agies Eeing

ﬂmpfemenﬁch to achieve precision...

WHERE WOULD YOU GO?

Licluicf ?[rgon Time ?rojecu’on
Chambers
are the next genemu’on neutrino

detectors
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New detector wCﬁnofogies Eeing

ﬂmpfemem@cf to achieve Jarecision...

Licluicf ﬂrgon Time CProjecu’on Chambers are the

next gene 1 n neum’no cﬂeﬁzcwr S
= - Bl
Li |'Be B c/NTO
NalMg » « s ¢ o+ o« s ow owow o m|siP|s
K |Cal'sc| Ti| 'V 'er Mn Fe Co 'Ni Cu|Zn Ga Ge As Se
Rb|'Sr Y [7Ze 'Nb Mo Tc | Ru | 'Rh 'Pd 'Ag| Cd | in | Sn Sb|Te
Cs | Bala|Hf Ta|'W Re Os Ir ‘Pt Au/Hg 'TI 'Pb Bi Po
"Ea:' Ea; ifg ml':lf I]b wég Bh ml:ls Mt Ds ﬁg Bn ‘l:laut ﬁuq i]uup ﬁuh ﬁus rl'uu
wawoes: | Ce | Pr | Nd |Pm |[Sm | Eu | Gd | Th “lJy Ho | Er [Tm |'Yb | Lu
cwacs- | Th | Pa | U |Np | Pu|[Am [Cm Bk |Cf | Es [Fm [Md No | Lr
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How does a LArTPC work?

Neutrino interactions with LAr in the TPC ]aroofuces cﬁargecf Joam’cfes that cause Jonization and
excitation qf Argon

- ﬂ-ﬂ’gﬁ ‘E ﬁe[c[ c[rlffrs electrons towards ﬁne[}/ segmem‘ecf anode wire yfcmes

- Excitation of ‘Ar Jm’oafuces scintillation (igﬁt

Liguad Argon TPC

- . : Anode Wire Pl
Excitation Excited molecule ode Wire Planes

A f,c » AI’ uvy
Ar Uy M\N\' -
P N VU\ ¢
Ar -"E:',:-
Ar \ A
~ -El.xl:hude RGN
: - - Plane Rt
. W I
it — @) — @ L
lonization  Tonized molocule o1
% i
Recombination el
—
Eqirife ~ S00V/cm '
o g '
Ar emits ﬁgﬁt at 128 nm —»"VUYV range (not visible) %

(wavelength shifting mechanism to make it visible)



The not-so-micro MicroBooNE

/ Y

~170 tons of argon

S /

~8000 wires

Anode | M\ { 1
(150 micron) S AT ANAS e WM Field cage
~ ' Cathode Jofcme
(-128kV)
S— Cryostat

32 8-inch PMTs sit just behind wire

planes (not shown in the picture!) (ﬂ{ougﬁl:y the size qf a school bus) 90



MicroBooNE Installation

W’/ ~ Liquid Argon test faaﬁy (LArTF)
December 2013 & |8 4 _ |

nsertion &




30 years ago with Bubble Chambers

LA Ncutrino transformed ~ ~
-

‘. into p-meson

: e : : : ; ' : : Invisible neutrino
Argonne-‘Nationzil Lab T SRR - . : collides with proton 3

The Neutrino Event’

Nov. 13, 19?0 — World's first -

: -:I:senratlnn of a neutrino in a.
«. . . . . hydrogen bubble chamber.

Collision creates
- IMeson

—

— 2 :m _— . Fe



30 years [ater...look at the detail achieved!

uBooNE
=

Szlugust 2015

Run 1148 Event 778. August 6" 2015 17:16

nBooNE
e

Tu[fy automated
- Bubble Chambers
with

energy measurement

Run 1153 Event 40. August 6" 2015 21:07 Run 1148 Event 1016. August 6™ 2015 17:15




Neutrinos are a Eig deal..!

‘Momy more exciting and Weird tﬁings to come!

Subscribe to Fermilab Facebook page for ujoo[atzzs
on the cool stuﬁ we do :)



Thank you for ﬁswning!

Now lets end the session with some

1ce cream
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