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" The ghostly particles
, could pave the way to
urfexplored realms
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* what we've learned & where we are headed

* survey of neutrino experiments

* not just missing energy, but a particle we can do a lot with ...




* together with photons, neutrinos are by far the most abundant particles

in the universe ... : .
V’s drive

: supernovae explosions
V’s generated

in Big Bang
V’s power V’s are produced by
the sun particle accelerators

and nuclear reactors

even bananas I‘

are vV emitters | & -
2

#

produced in
the Earth’s
atmosphere
and interior

* some we make ourselves, some we get for free
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* together with photons, neutrinos are by far the most abundant particles

in the universe ... : .
V’s drive

: supernovae explosions
V’s generated

in Big Bang
V’s power V’s are produced by
the sun particle accelerators

(400 trillion V's/sec) 1 and nuclear reactors

(10-100 billion V’s/sec)

atmosphere even bananas /\
and interior are vV emitters | \§ -
A

(50 billion Vs /sec) (million V’s/day) __#

* their energies span more than 16 orders of magnitude ...
S. Zeller, HCPSS, 08/22/14

produced in
the Earth’s




Many Sources of Neutrinos
=

* these neutrinos span an enormous energy range (eV to PeV)
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example: supernova neutrinos!
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energy ina s,ho‘ :

(~7O 3ec) of V’s :

SN release 99%' of the A * V’s play a crucial role in the

life and death of massive stars
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our sun will produce in its lifetime)
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* many neutrino experiments are connected through the SNEWS network
SuperNova Early Warning System

* some of the failed acronyms:

P = Point S = Several
O = Over U = Under

T = There G = Ground
A = At A = Alarms

T = That R = Ring

O = Old B = Before

E = Exploding A = Arriving
S = Star R = Radiation

S. Zeller, HCPSS, 08/22/14



Many Sources of Neutrinos

* these neutrinos span an enormous energy range (eV to PeV)
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~1000 TeV
neutrino from

Ice Cube



* have since observed 28
extremely high energy
v events in Ice Cube

Animal
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Towards High-Energy Neutrino Astronomy o good review article

A Historical Review

Christian Spiering®
DESY, Platanenallee, D-15738 Zeuthen

Abstract. The search for the sources of cosmic rays is a three-fold as-
sault, using charged cosmic rays, gamma rays and neutrinos. The first
conceptual ideas to detect high energy neutrinos date back to the late
fifties. The long evolution towards detectors with a realistic discov-
ery potential started in the seventies and eighties, with the pioneer-
ing works in the Pacific Ocean close to Hawaii and in Lake Baikal in
Siberia. But only now, half a century after the first concepts, such a
detector is in operation: IceCube at the South Pole. We do not yet
know whether with IceCube we will indeed detect extraterrestrial high
energy neutrinos or whether this will remain the privilege of next gen-
eration telescopes. But whatever the answer will be: the path to the
present detectors was a remarkable journey. This review sketches its
main milestones.

* neutrinos are unique messengers and powerful tools for probing
astrophysical sources beyond our solar system

S. Zeller, HCPSS, 08/22/14



Many Sources of Neutrinos
O

* these neutrinos span an enormous energy range (eV to PeV)
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is not without its
challenges
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* clever experiments had to be conceived to overcome the very small v interaction probability
S. Zeller, HCPSS, 08/22/14



Lots of Neutrino Detectors Today

"

Crane

Rock lining

\ Lig.-scinti.
Container

Aluminum sheets

Phototubes

Wl
-

* the fact that
Vv’s rarely interact
means that we need
large detectors
to collect enough v
events for study

- to increase the chances
that the v will do
something and make
its presence known

* usually large
containers of matter
surrounded by
detection elements



* but most of the neutrinos will sail through these devices undetected
- need a lot of V’s
- need to put a lot of material in its way

* also, keep in mind: you can never detect the Vv’s themselves; you have

to detect the products of their interactions and work backwards

[v 2 view]
[ ]
= ” e tell tale
et L 1| signature:
'VM% - --;‘M.: i r u “’
|

“nothing in,

something out”

(example: NOMAD detector)

* knowing how a Vv interacts is really important! (ArgoNeuT, MiniBooNE, MINERVA,
Y
MicroBooNE, NOMAD, SciBooNE, T2K)
S. Zeller
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Neutrino Flavor

* you can tell what type of v you have based on how it interacts

(knowing what type of Vv you have is an important part of Vv oscillation measurements)

muon track from Vi interaction

spark trail could be photographed, circa 1962

electron sh@wer frofh v, interaction

S. Zeller, HCPSS, 08/22/14

— V,, produce

M d nice
VM ...... > (2 long w track

this is how we identify
the “flavor” of the v

V. produce
an e~ shower




* the basics:

- many different sources of neutrinos that span a large energy range
- we need large detectors to study them

- we can tell what type of neutrino we have (v, v, v;) and its
energy based on the particles it creates when it interacts

S. Zeller, HCPSS, 08/22/14



Qur Sun

* nuclear processes that power the sun produce a huge number of V's

10°E ' T T T T ' T T T T
10" 3 PP} scientists worked out what type of
mw;g neutrino emission you might expect
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* this is how the sun generates X 03 1
. . Neutrino Energy (MeV)
its energy — a series of
nuclear reactions each * the idea was to detect these
producing electron neutrinos solar V’s to understand what’s

going on in the core of the sun
S. Zeller, HCPSS, 08/22/14



Solar Neutrinos

* In the 1960’s, Ray Davis builds the first large scale detector to look
for v’s from the sun ... radiochemical detector cost ~$4M (today dollars)

(an interesting and

Vv, 3TC| > 37Ar e~ = difficult experiment)

unhindered thru

it takes about ;}_ 100,000 gallons WCl
Q9 mins for Y 0°°/atoms of 37Cl
the Vs to

reach earth * V’s recognized as a tool to do astrophysics

and as a means to learn about the sun
S. Zeller, HCPSS, 08/22/14



What Did He Find<¢

* by the time they get to
earth, see only ~1/3

* here is where things start getting weird

30 years of Ray Davis’ Homestake experiment -

800 solar neu'lcrino:
of the v_'s expected =2 M 1, @
v R :
" | ’ W’ = ‘HHW
S 11 7/
“solar
neutrino * over the next 30 years, this deficit would

blem”
problem ".

be observed in many different detectors

* it would turn out that it wasn’t the sun we
didn’t understand, but the neutrino!

S. Zeller, HCPSS, 08/22/14




More Missing Neutrinos

* another class of neutrino experiments saw a similar tale, this time
studying atmospheric neutrinos (much higher in energy than solar Vv’s)

Cosmic ray
(p, He, ...) allowed us to

study Vs in
a range of

* V’s can be produced when high
energy protons from deep space

slam into the earth’s atmosphere
energies not

V, Ve — 2:1 " accessible
(fixed by the 71/ u cascade) in particle
accelerators

at the time

+ -
ol TR
+
2 e Vv, Ve
* get two v, for every v,

(this ratio could be tested in
large underground detectors)

S. Zeller, HCPSS, 08/22/14




More Missing Neutrinos

atmospheric neutrinos
(V,iVe should arrive
in 2:1 ratio)

S. Zeller, HCPSS, 08/22/14

* again, the shortfall was quite large
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* another mystery: fewer v, than expected;
roughly half of the predicted atmospheric
Vv, 's are missing! “atmospheric v anomaly”

* so for decades, we see less v_ from
the sun and less v, from the atmosphere



Nevutrino Oscillations

* this is a very recent discovery in the world of modern particle physics

(news was coming out when | was in graduate school)

* by 1998, we were convinced,

| igeton | “’b ik
the_i\l’wﬂnfi V’s oscillate (must have mass)
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experimental HEP (>4000 citations)



* this is a very recent discovery in the world

(news was coming out when | was in graduate school)
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Rattles Basic Theory
About All Matter
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* v oscillation studies commenced on 4 continents




This is a Big Deal

VOSCI.//Q)C‘

* it is the 1°" known particle interaction indicating caygy, ;O"s
A
physics “beyond the Standard Model” T Guary

(first crack in this extremely successful theoretical framework that we

have constructed to explain all of the particles & their interactions)
i
Une)(pe

Wo
ed

* the hope is that v’s may help us answer 2’s about
the universe we live in by studying these transformations

and how often they occur under

QUESTICNS - because Vs are so abundant,

even a small mass can have

various conditions (L, E, flavors)

important consequences

S. Zeller, HCPSS, 08/22/14




* v’s can gradually change into another kind & back again; this flavor
changing is called “neutrino oscillations’; quantum mechanical effect

* can write down a simple eqgn; tells
you probability that a v starting

off life as one type can be
observed later as another type

—
VM Ve
\/\L;V v V
VM V »V »\/V V »V VLLV
AJTRT v V V Ve vV Ve \/ Nu
distance L

v

Am*L
P(v, — v,) = sin*(20) sin” ( 4’2 )

S. Zeller, HCPSS, 08/22/14



* v’s can gradually change into another kind & back again; this flavor
changing is called “neutrino oscillations’; quantum mechanical effect

* can write down a simple eqgn; tells

|111-‘_
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IlllllllII]lIIII]l

0.8

you probability that a v starting
off life as one type can be 06

observed later as another type

IIIIIIIIIII]III

probability of being one type of v

0.4
vV, ™ V Ve
u e 0.2
V.V
vy omh Ve g VeVe Vv, VUV, oLt /l\
V% H\/ u \,‘u\/‘uve Veve Ve »VMVMVe Vu\’u\’u 0 0.5 1 1.5 2 2.5 3
U Ve Ve Vo Ve V_Ve vV, Vu distance the v traveled
distance L

* two principle ways to study:

Am*L i
P(vy — v,) = sin*(26) sin” ( 4m ) disappearance

v appedarance

S. Zeller. HCPSS. 08/22/14 (some of the most powerful experiments look for both)



* v’s can gradually change into another kind & back again; this flavor
changing is called “neutrino oscillations’; quantum mechanical effect

* can write down a simple eqgn; tells

?111-‘_
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= ]
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you probability that a v starting
off life as one type can be 06

observed later as another type

IIIIIIIIIII]III

probability of being one type of v

0.4
s V
VM Ve 0.2 c
V$V$ VuVu VeV, ViV, ViV . /I\
Vu M\/ u \,‘u\/‘u\/e vVeVe »VUVMVG v VuVy 0 0.5 1 15 2 25 3
Vuln vV, v Ve Vv, Ve v Vu distance the v traveled
distance L
A2l * v's must have mass to oscillate
) . 2
P(vy — v,) = sin”(20) sin ( AE ) * depends on Am?, 0 and L, E,
%

S. Zeller. HCPSS. 08/22/14 (need to give just a few #’s to describe what's going on)



* v’s can gradually change into another kind & back again; this flavor
changing is called “neutrino oscillations’; quantum mechanical effect

* can write down a simple eqgn; tells

?III-‘_
§
&

Illlllllllllllllll

you probability that a v starting

e
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off life as one type can be
observed later as another type

probability of being one type of v

R V
VM Ve 0.2 €
v,V
V% H\/ u \,‘u\/‘uve»\,e\/e V. »VMVMVe A 0 0.5 1 15 2 25 3
U Ve Ve Vo Ve V_Ve vV, Vu distance the v traveled
distance L >

’ “At present this is highly speculative-
Am L) there is no experimental evidence for

P(V — YV ) — Sin2(26) Sin2 neutrino oscillations...” D.J). Griffiths
u e 4

(1995), Introduction to Quantum

v .
Mechanics
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Location, Location, Location

* in the 1960’s, scientists had started thinking
- . ” . e Maki
is there anything else?” - maybe Vv transitions? Sakata
Bruno Pontecorvo | Nakagawa

1

' T 1956-2003 T

t

-
-
-
cos f
— -
S - e IlL
(a4 : .
06 k B Goesgen -
: A Savannah River
. ¥ Palo Verde
04 r o cHOOZ ]
- O Bugey
0.2 L A Rovno :.
1 ¢ Krasnovarsk 1
. ’ -

-+~ 3
0_‘_‘_‘“—‘_‘_“‘....14 llllllllll lllllllllllllllllllIlllllllll
3 2 1

10 10 ~ 10 1 10 20 30 40 50 60 70 80|
L /E (km/MeV)
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Location, Location, Location

* in the 1960’s, scientists had started thinking
- . ” . e Maki
is there anything else?” - maybe Vv transitions? Sakata
Bruno Pontecorvo | Nakagawa

14 F —
L 1956-2003 ¥
1 L%---a&.-:; / prediction from solar v experiments
2 08 - B — ‘\ +
e - 4+ | e
&7 - e IlL T+ '
06 bk 8 Goesgen r \ + + J:"— 1
[ A Savannah River ‘: J:
. ¥ Palo Verde 4 —_— _‘._[_ -
04 F o CHOOZ T "
- O ’ +- .
[ Bugey T '\ . +
02 bk 4 Rowno -+— " J \
[ ¢ Krasnoyarsk L KAMLAND data
OM....;;"-IIIIIIIIII ENEE T BT EE AN AN N BN ST EE N BT E RN NN AN B AN AN A A AR A A

3 2 1

10 10 10 10 20 30 40 50 60 70 30|

L /E (km/MeV)

.

important to take big steps
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Ratio to no oscillations

0.8

0.6

04

Survival Probability

0.2

Reconstructed neutrino energy (GeV)

S
e
f
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50

* we have observed this quantum
mechanical phenomenon now in
V’s produced in multiple sources

- Sun “Wild
earth’s atmosphere neutrinos”

particle accelerators } “tame

nuclear reactors neutrinos’

* it fook multiple experiments &
approaches to rule out other
possibilities for what could be
going on (our Vv sources work together)

* we see large effects!



The Basics of Neutrino Mixing

* neutrino oscillations are characterized by a mixing matrix:

this allows us
to understand

f\le\ 1 0 0 cosf, O e“’sinf,| (cosB, sinh, O Vs the resqu.s from
v, [=]0 cosbn sin6y|x 0 1 0 |x|-sinf, cos6; Oy, v experiments
N 0 -sinf,, cosB,,) |-e®*sinf, 0  cos6, 0 0 1),
\ 1:J 3
~ ~ ~ — -~ _/ A\ ~ J
atmospheric  0,,=small mixing solar
0.80.9 0.2 neutrinos
vns~ | 0.4 0.6 0.7 4
1 0.2 * we know pretty well:
. 0.001

0.001 0.01 ].
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My Niece

Do you know what

this last mixing
angle is yet?¢

2R S~

S. Zeller, HCPSS, 08/22/14



Reactor Neutrino Experiments
=N

* Daya-Bay (China)

* Double Chooz (France)
- 6 reactors, 8 detectors

- 2 reactors, 1 detector
(ND in 2014)
- Ap

- Sept 2011 - present

* RENO (Korea)

G i -1 e e - 6 reactors, 2 detectors

Weighted baseline: ~500 m

- August 2011 - present

(110 m.w.e.)

T Fdm ) Y/ :
&+ Reactor Core Near Detec??[;

o 4.27GWax 2 ; & 2.4)

_— e o ° . ° \-
* clear evidence for a v, deficit in first months of data-taking e
S. Zeller, HCPSS, 08/22/14



Double Chooz:

inary

RENO:

_ latest results
shown in June 2014

1200} . —+— Background-subtracted data|
------- No oscillation I
ARear [] systematic uncertainty ]
o> 800f Best fit: sin?20, , = 0.090 ]
Eg at Am® = 0.00244 eV’
. ZI& soof
* now 0, is the most S
. . 400p DC-IIl (n-Gd) Preliminary
well-measured mixing | | tivetme:467.90 days ]
1.2 1
Daya Bay: 4
18 o>
- FarE 2 RENO Prelim
16 —— weilf > LR RRERE RARAN
= - s 2 3500
2 14 g B g
S - £ 3000F
£ 12 > =
5 - W 25007
2 10 Visible Energy (MeV) E
o UF 2000
x - r E
I | =
< O 1500F
g - 1000
5 4C 500
Tk i
C 3 i3
N N S 0.2E
g 1.051 - E. 0.1
2 - L *l ] F
2 1E PG § S WK T 005" +
S 0.95F Jy o c J»
2 = - ¢ + ~ o |T-dtp L
< osf + - + +
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Far detector

—+— Data
- Mcosc

sin“20,, = 0.100

[Am3, =232 % 107 eV?
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The Basics of Neutrino Mixing

* neutrino oscillations are characterized by a mixing matrix:

atm

v,] (1 0 0 cosf, 0 e"sind,) (cosd, sind, O|fy,
v |~ 0 cosB,; sinf,;|x 0 1 0 x|-sinf, cosf, O v,
V. 0 -sinf,, cosB,,) |-e®*sinf, 0  cos6, 0 0 1 Vs
" J “ -~ J \ ~ - - ~- _/
atmospheric  0,,=small mixing solar VR
Am solar
Am?_ ]
8 0.9 0.2 ) heuirinos Am?

0.
Vuns ~ 04 06 07 .
0.40.60.7

* we know pretty well:

V2 I
Aranolor

normal  inverted

]- 0.2 o0: - mixing angles (0,5, 0,,, and 0, € recently!)

quarks

Ve~ |02 1 oo - mass differences (Am?)

0.001 0.01 ].

* but there are some very important things

we don’t know!

S. Zeller, HCPSS, 08/22/14




we don’t know some pretty basic stuff!

ELEMENTARY
PARTICLES

°* we are missing some important
information ...

- is our picture correct?
- how much do neutrinos weigh?

- which neutrino is the heaviest
and which is the lightest (MH)?

- do neutrinos and antineutrinos
oscillate in the same way ( pf{)?

- what is the nature of the V?

- are there more than 3 kinds?

are these small details or are they paradigm shifting?
S. Zeller, HCPSS, 08/22/14



we don’t know some pretty basic stuff!

ELEMENTARY
PARTICLES

°* we are missing some important
information ...

- is our picture correct?
- how much do neutrinos weigh?

- which neutrino is the heaviest
and which is the lightest (MH)?

- do neutrinos and antineutrinos
oscillate in the same way ( pi{)?

- what is the nature of the V?

- are there more than 3 kinds?

are these small details or are they paradigm shifting?
S. Zeller, HCPSS, 08/22/14



Nevutrinos at Fermilab

(future proposed experiment)

-

Missouri

S. Zeller, HCPSS, 08/22/14

Imac

age 2008 TerraMetrics
2008 Europa Technologies
Image NASA

2008 Teletlas

icroBooNE=~"_
Y e

o

advances in
accelerator
technology
are allowing
us to probe
distances (L),
energies (E,)
not easily
accessible in
nature or
with nuclear
reactors



Making Neutrinos
a0

- .. Fermilab

* so, we can also produce V’s
for experiments using particle
accelerators

- l

- "'\‘ A= .
_Mlcr_oBoo/I\IE

* and aim them at a detector

Target ,
Pions Vu S .
Proton - il > = >: _ massive
beam E T —+ detector
Absorber

Magnetic focusing horns

get a well-known flavor of neutrinos

S. Zeller, HCPSS, 08/22/14




the v, has two choices V. (most of the time)

T
(maybe three)

Vi

it’s one thing to see the

V. (every now and then)
V’s disappearing but also

want to confirm that they

are re-appearing as another \
flavor of v that was
previously absent from the beam v S
= E 18¢ ree E—
5 5 16¢ Super-K Preliminary
k| § 14 *240.4 kt-yr 3
S = 128 3
(2] 3
(o} £ 1_
Q 5 08
o 3 06
E Foal f
& € 02t t
8 e
Reconstructed neutrino energy (GeV) L/E (km/GeV) (SK 1+2+3+4)
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the v, has two choices V‘C (most of the time)
(maybe three)

\\ V. (every now and then)

* want to confirm the hypothesis that V,—> V. is the cause of the
disappearance effect seen in atmospheric & accelerator-based Vv’s

* need an experiment capable of detecting short-lived T’s

S. Zeller, HCPSS, 08/22/14



* 400 GeV proton from CERN SPS to produce beam above v_ threshold

* emulsion to detect T decay
(decay length is only a few mm)

* largest production ever of nuclear emulsion: 200,000 bricks ~ 1 kton

* June 2014: OPERA reported observation of a 4™ v_candidate (4.20)

S. Zeller, HCPSS, 08/22/14



the vy has two choices V
(maybe three)

 (most of the time)

\\ V. (every now and then)

'\/3— 'V2 —

* measurements of subdominant v, — v,

V] —
are of great importance because they

are very sensitive to mass hierarchy & V2 m—
uniquely sensitive to CP violation

normal  inverted
S. Zeller, HCPSS, 08/22/14



NOVA

* will measure v, —v_oscillations over a distance of 810 km
using the world’s most intense v beam and an off-axis detector

* will study both v,v

- very precise v oscillation close to the U.S./Canada border

measurements (test our picture)

-

Minnesota

- which v is the lightest and
which is the heaviest (MH)? st 1

- first hint at 2P

i Michigan

* this will be the largest distance an

IHlinois

accelerator source of V's has ever /
been sent ... the larger the distance
the larger the MH, CP effects Missouri =

S. Zeller, HCPSS, 08/22/14



NOVA Detector
46

* you need a really large detector to study neutrino oscillations across
this large a distance

* 14 kton
liquid
scintillator

(2.8 million

gallons)

S. Zeller, HCPSS, 08/22/14



NOVA Detector

* you need a really large detector to study neutrino oscillations across
this large a distance

* 14 kton
liquid
scintillator

“largest
plastic
structure

-
-~
-
-~
-
-
~
-~
-~
~|

ever built”

g Near Detector on
Near Detector the Surface (NDOS)
330 tons 220 tons

* both a near and far detector
S. Zeller, HCPSS, 08/22/14



NOvVA Near Detector at Fermilab

the near detector is important to sample the flavor composition and
spectrum of the neutrinos before they’ve had a chance to oscillate

S. Zeller, HCPSS, 08/22/14



NOVA Far Detector in Minnesota

* over 4 stories high

T BEI—— \ r;’ t

’

”

iy

AV

\

”
»

, my
¢ Y
\ ' s

(2 0 -
P il A
Y O e R
o L BT
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1
s
-
s
'~ A2
- &

e 28 blocks

* 32 planes in a block, each

weighing 417,000 Ibs

* both near and far detectors
are now complete!



First Neutrino in NOvVAI

X (cm)

2100 EEEE

-500 =

y (cm)

-600 — =

=700

NOvA - FNAL E929 20,

hits

Run: 11654/9 2
Event: 77385/ NuMI 10

UTC Tue Nov 12, 2013 63365 337 3375 228 2385 239

13:25:44.976546176

\_

1 3
2295 230
t (usec)

will look for both the
Vv, disappearing

____________________________________________________________________________________________

Kcmd the v_ appec:ringj

a (ADC)

J
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T2K

* 1st definitive observation of the explicit
appearance of one flavor of v arising
from another flavor thru oscillations

(>70) 2
/>y
V % V {ri‘
v e
Kamioka, Gifu /:)
or __,//
85 S

* combination of results from reactor &
accelerator sources (NOvVA, T2K) is
very important for testing our v picture

S. Zeller, HCPSS, 08/22/14
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we don’t know some pretty basic stuff!

°* we are missing some important

information ... ELEMENTARY
PARTICLES

- how much do neutrinos weigh?
- is our picture correct?

- which neutrino is the heaviest
and which is the lightest (MH)?

- do neutrinos and antineutrinos
oscillate in the same way ( pf{)?

- what is the nature of the V?

- are there more than 3 kinds?

are these small details or are they paradigm shifting?
S. Zeller, HCPSS, 08/22/14



Nevutrinos at Fermilab
5

* we are
already
planning
our
next steps

* Long
Baseline

icro Boo)l">IE;-f*~ S Neutrino
8 SR s
220y, Pt  Facility

( '\«‘H.}'\(‘(‘ g J

-

(future proposed experiment)

-

®* new type
of neutrino
Image 2008 TerraMetrics -
2008 Europa Technologies 4
Missouri :;}:;':’,', (’.\:2:{‘:.,.\ ] : d e'l'eC'I'O r

S. Zeller, HCPSS, 08/22/14



sChicago
Fermilab

Hiinois

Kansas

Image NASA Al
- e Missouri

* on-axis, wide band beam (v, v )

- want to measure the spectrum of V’s
across largest possible dynamic range

S. Zeller, HCPSS, 08/22/14

* three ingredients:

* long-baseline
- optimized for joint (;/15, MH determination

* liquid argon TPC

- very high resolution detector

- high ¢, so need less detector mass

(~30 kton)




This is What LBNF Can Do

V. oscillation probability
6CP:+900, o, '900
dashed=inverted MH

0.15

10000

unoscillated

Vu spectrum 8000

E/GeV

vuéve

ance

* plus, underground LBNF detector will be

exquisitely sensitive to atmospheric V’s,

supernova V’s, and proton decay

S. Zeller, HCPSS, 08/22/14
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Liquid Argon TPCs

* my thesis experiment (2002):

m i unmmiImIiImnnn

BRI nmmmmnnnn T O TIT

‘ L4
1 —
B

» SR

.

| | ‘l
|| | g
L

o o O
‘.. .
I ” ‘
e T S

100

120 140 160
Collection Plane Wire

180

(can see everything that happens and record each track digitally)

S. Zeller, HCPSS, 08/22/14

data from
the very first
liquid argon
TPC in
the U.S.



* my thesis experiment (2002):

|

S. Zeller, HCPSS, 08/22/14

example of a
Vv interaction

from the
ICARUS detector
in [taly



* my thesis experiment (2002):

|

S. Zeller, HCPSS, 08/22/14

* these detectors are
a very powerful tool

* we are really excited
about this technology



MicroBooNE
N

* idea is to start out small to gain some experience

* 170 ton liquid argon TPC, the largest ever built in the U.S.
(grid of wires submerged in liquid argon and placed under high voltage)

* about the size of a school bus

HD Foam .. ™S
Saddles

MicroBooNE TPC

2013

S. Zeller, HCPSS, 08/22/14



MicroBooNE
I

* idea is to start out small to gain some experience

* 170 ton liquid argon TPC, the largest ever built in the U.S.
(grid of wires submerged in liquid argon and placed under high voltage)

* about the size of a school bus

Cathode Inductionl Induction2
N Collection
HD Foam ~ .. -
Saddles S " \ \
e
"":' e-
e X A
je
/ electronically
z ; :

‘:p‘ imprints

E the particle
—
track
“T e pattern
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MicroBooNE

cryostat
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MicroBooNE
ca

December

2013 /Q

(includes in-liquid electronics)
S. Zeller, HCPSS, 08/22/14



MicroBooNE

* new building where the detector
will eventually be housed is ready

and is being outfitted

S. Zeller, HCPSS, 08/22/14



MicroBooNE
e

June 23, 2014
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MicroBooNE

June 23, 2014

-----

e

: 2 NN }
, e O
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°* we are commissioning

S0 60 0 80 9(30 . .'0?0. _ .”[00. _ —
| T D this new detector now

|

IIII|IIIl||||I|IIIl|IIII|IIII|IIIl

* Vv’s this winter!

(1) how do neutrinos
interact in argon?

o _ (2) important test of
- E LAr TPC technology
v e E
1500? = (3) are there more
o - \ E than 3 neutrinos®

sterile neutrinos?®

S. Zeller, HCPSS, 08/22/14



the vy has two choices V
(maybe three)

. (most of the time)

\\ V. (every now and then)

* evidence for a light sterile neutrino would be a major discovery

S. Zeller, HCPSS, 08/22/14
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* whitepaper on sterile neutrinos
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we don’t know some pretty basic stuff!

ELEMENTARY
PARTICLES

°* we are missing some important
information ...

- is our picture correct?
- how much do neutrinos weigh?

- which neutrino is the heaviest
and which is the lightest (MH)?

- do neutrinos and antineutrinos
oscillate in the same way ( pf{)"

- what is the nature of the V?

- are there more than 3 kinds?

are these small details or are they paradigm shifting?
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Neutrino Mass

I 1012 TeV
; UL I UL I LI | L
2 101 At
* tightest constraints come from analysis of % 010
: m b
cosmological data, 2m,, < 0.2 eV o Yoo A-c-dGev
108 vV u = s
* use beta decay as a means to measure m,,
107 md
E A U
]
* need a lot of stats, 10°F "y e b
: 10 %k
good E resolution £
10 ¢
K AVAVAVAVAVAVAVAVA
AL 10 keV
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~
2 10 E E
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l 1 10 .35- Vv, EE
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Nd'l'ure Of 'I'he NeU'I'rino (this is another mystery story)

* since the neutrino has no electric charge
it can be it's own antiparticle (v =V )

* are neutrinos Dirac or Majorana?

a) 2v BB b) Ov BB

Dirac Majorana?

dN/dE

0.0 — . — .0 E/Q

$©

* if V's are Majorana particles (v = V)
then it allows this special process (OV3f3)

S. Zeller, HCPSS, 08/22/14

this is why we haven'’t put m, into
the Standard Model —

we don’t know which to choose!




GeoNeutrinos run——

g 1015_ 4 —-—e 28 series
S I 232Th series
E. : g.//' '.L'""'*, -
* radioactive decays of U and Th T A e I
in the earth’s crust and mantle sl i ]
provide a source of very low $ i T
2 ! i
energy antineutrinos : j : |
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Anti-neutrino energy, E, (MeV)

* have been recently detected by

- KAMLAND (arXiv:1303.4667)
- Borexino (PLB 722, 4 (2013))
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V’s can provide info on earth’s internal radioactivity not obtainable by any other means
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Neutrino Sources

. mic neutrin
solar atmospheric ~ €O3MIc heUIrnos

supernova neutrinos ]
neutrinos neutrinos

neutrinos from the heavens (“wild”)

reactor neutrinos n— o« geo

accelerator neutrinos radioactive decays neutrinos
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is our
absolute nature of mass more than

picture

mass scale | the neutrino| hierarchy ,Qﬁ 3 V'se
correct?

B decay V

OvpP decay V V

astrophysics V
& cosmology

atmospheric

reactor

accelerator

RER
<<
AL LA
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* neutrino physics continues to be an incredibly exciting field

* some very important v experiments in the next decade and
beyond will be working to answer some big questions:

- is our picture correct?

- what are the v masses & why so small?
- what is the ordering of the v masses?
- do Vv’s violate CP?

- are Vs Majorana?

- are there more than 3 V’s¢

* nature gave us all of these v sources and v oscillations,
now we want to know what it all means!
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Backups
I
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-

* 1932: new particle postulated to solve energy ‘&

non-conservation problem in § decay: the neutrino
* 1956: v_ discovered

e 1958: neutrinos are left-handed s
e 1962: vy, discovered I
* 197 3: neutral currentsl! g

* 1970’s: v cross sections measured up to 130 GeV
* 1980’s: initial v oscillation searches

* 1990’s: V’s as a probe (we know how to use the V)

* 1998: neutrinos oscillate (really important year for v physics!)
* 2000: v detected

S. Zeller, HCPSS, 08/22/14



* neutrinos can directly convey astronomical information

20 * they are not deflected by
,_E - Cosmological v . . .
Lo | interstellar magnetic fields
s L Solar v
o 10" upernova bur . .
Eio | /S\pe ovaburst 197y — point back to their source
30
1 “\Background fromold supemova | @ they rarely interact with matter
]OJ
10 - arrive directly from regions
10 Atmosphericv where light cannot come
107 v from AGN
102 ° 9 . f °
V’s carry information about
A | GZKv . .
1o ~ ] the workings of the highest

v mev & kv Mev v Tev  pev kv | enhergy and most distant

Neutrino energy

phenomenon in the universe
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* see conventional
neutrinos from
known sources

(earth’s atmosphere)

up to ~400 TeV

* beyond that,
there are limits
from large
detector arrays
& v telescopes
looking for V’s
not coming from
the atmosphere

S. Zeller, HCPSS, 08/22/14

Ultra High Energy Neutrinos

lceCube PeV neutrinos

PH 10.2 TPy LB BAAL LBLBLAALL T TTTTE
L e 1) HONda ¢ Sarcevic Atmos.v 2) Waxman Bahcall 1998« 32 3) Blazars Stecker 2005 v « 3
w 4) ESS v ev,, 2001 5) Ahlers ot al. Best Fit ) Decerprit ot al. on

A 103 o T) AMANDAI Diffuse v Limit x3 g 8)IC40 Atmos.v UnfOMNG e 9) IC50 Diffuse v Limit < 3
2 « 11) RICE 2011 Diffuse Limit s 12) Auger v, Limit < 3
Q‘E 104 s 13) ANITA-1I 2010

(&)

(1)

3 10° L

O, \

uf 10-6 )N -
. o e
Z 107 @ q

(9) -
Ui 10°
/®
107
‘3 (1)
107° ‘ :
10* 10* 10° 10° 107 10° 10° 10" 10" 10"
i A E(GeV]

goal: GZK neutrinos (EeV)



Super-K and Solar Neutrinos
I

@ | SK-l 1496day 5.0-20MeV 22.5kt

0.2

Event/day/kton/bin

radioactive background (@:.sgallation, gammas from rock)
Q [ 22385 events

_ _ i 47% of Standard |
neutrino scatterlng Solar Model

off atomic electrons

-1 -0.5 0 0.5 1
directional detection cos O,
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Reactor Neutrinos

]
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Atmospheric Neutrinos
2

A. Blake, H. Gallagher, ISOUPS 2013
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Want to Know More?

* long-baseline neutrino experiment

Exploring Fundamental Symmetries of the Universe

science opportunities document

https: / /sharepoint.fnal.gov /project/lbne /LBNE % 20at% 20 Work /science % 20doc% 20pdfs /Ibne-sci-opp.pdf
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A Little Bit of History

* discovery of the neutrino

* 1956: observe v_’s emitted by a nuclear reactor

Savannah River nuclear reactor

S. Zeller, HCPSS, 08/22/14

N +
V.p e’ n

(inverse beta decay)

* tanks filled with liquid
scintillator, instrumented
with photomultiplier tubes

- novel detector at the time

* heed a lot of neutrinos

and a lot of detector

o

Clyde Cowan, Jr.

Fred Reines _




* discovery of the neutrino
* 1956: observe v_'s emitted by a nuclear reactor

Savannah River nuclear reactor

Fred Réines

(photographs of

oscilloscope traces)

e neutron scope

S. Zeller, HCPSS, 08/22/14 (2 coincident blips = neutrinol)



