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Neutrinos are needed |
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210Bi >210Pg + e + v,
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Neutrino required to conserve energy,

Neutrino must have no electric charge,
little or no mass, and interact weakly
with matter



I't took 25 years for the
neutrino to be observed in
the laboratoryl!

Fred Reines Clyde Cowan

In 1955, at the Savannah_ River nuclear reactor, Reines and
Cowan used the reaction v, + p > n + e* to detect anti-
neutrinos using a liquid scintillator detector

Nobel Prize in Physics [ A




There are different
kinds of neutrinos !

Leon Melvin Jack
Lederman Schwartz Steinberger

In 1962, using a high-energy accelerator at Brookhaven
National Lab., Lederman, Schwartz, and Steinberger
showed evidence for two kinds of neutrinos - one
associated with the electron, and one associated with
the muon (a heavy cousin of the electron)

NObel Prize in PhYSiCS ‘4)
1988 A



Neutrinos are produced by the "weak” interaction and
are born with a “flavor”

n>p+e+v,
n‘%u‘+7u
B 2>t +v,
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The "Standard Model”




Neutrinos do not have a well-defined mass, but
are actually mixtures of 3 different mass states!
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Neutrino Oscillations

M. Nakagawa, H. Okonogi, S. Sakata, and A, Toyoda,
Prog. Theor. Phys. 30, 727 (1363); B. Pontecorvo, Zh.
Eksp. Teor. Fiz. 53, 1717 (1967) [Sov. Phys. JETP 26,
984 (1968)]1; V., Gribov and B, Pontecorvo, Phys. Lett.

28B, 493 (1969).

5—/‘\,%0 mﬂw‘exm&_
2.4
m."c

2pC

E. = \/pzc2 +m°c* = pc+

E = pcC
_m,“c* .m,c*

V. ty=cosfe 26 |V)+sinfe 2 |7,)
L ~ct

Amz(eVZ)L(m)]

P =|(v,,t|v,,0) F=1-sin’ 20sin’[1.27
E(MeV)



SuperKamiokande

30000 tan Water Cherenkov Delector

11,200 20" PMTs
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Core collapse of a massive star

Supernova Explosion

Temperature goes up
Density goes up

p e P nta,
et+e D2 v+yV

99% of SN energy

comes off 1n neutrinos

SN 1987a



Neutrinos from SN1987a
observed by Kamiokande and IMB
underground telescopes
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Atmospheric neutrinos

Zenith
Isotropic flux of :
cosmic rays :
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Evidence for neutrino oscillations from SuperK
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Hans Bethe
Nobel Prize 1967

The Sun shines by nuclear fusion reactions!
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Pioneers in Solar Neutrino Science

37Cl + v, > 37Ar + e

1968 First Solar Neutrino Experiment
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Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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~0.18

Solar Neutrino Problem
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The Sudbury Neutrino
Observatory

Nobel Prize in Physics
2015




1000 tonnes D,O

Support Structure
for 9500 PMTs,

60% coverage

- 12mDiameter

- Acrylic Vessel
1700 tonnes Inner

Shielding H,O

Sudbury Neutrino
Observatory

i

Urylon Liner and
- Radon Seal




Why did SNO use $300M worth of heavy water?

Charged Current

Neutral Current




Solar Neutrino Problem Solved |

Evidence for v.2> v,
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Kamland long baseline neutrino oscillation experiment

~70 GW ~ Nuclear Power Stations in Japan
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23%U+n > fission > °?Rb + 142Cs + 2n (only one example)

%2Rb > 925r + e + v,

142Cs > 142Bq + e~ + v,
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KamLand
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Daya Bay short baseline neutrino oscillation experiment

4 x 20 tons target Detector layout
mass at far site

').

2 x 20 tons target
mass at e_ach near site

Total tunnel length
~ %OOO m




Daya Bay
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SuperKamiokande, SNO, Kamland , Daya Bay have shown:

neutrinos have finite masses
neutrinos undergo flavor-changing oscillations

Neutrino mass hierarchy
Open Questions in Neutrino Physics:

m? m?
. A ..V, A
What is the absolute scale of v mass ? v
Are v and v different particles ? - v,
my? Lmy?
;;solar~5x10‘5eV2 2
; =~
Alternative mass scheme: i
M. ~ M. ~m ; atmospheric
1 2 3 my" L ~3x1073eV?
All splittings small m2| Jsolar-5x10°eV: | Lmy2
(degenerate) I
?
0 0

At least one v has m > 55 meV
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S The CUORE experiment

CUORE

Detector
Located at LNGS (Italy), ~3600 m.w.e. shield Pulse Tube | suspension
Investigate: 1*°Te — 13%Ke +2 e \ I 1 ). i
Array of 988 "TeO: detectors, | "31" ¢
arranged in 19 towers, 13 floors each. = I

Total mass of 30Te = 206 kg

Operated at 10 mK 300K piate (OVC) | HEERS
40K plate g 4'8\5’('?;9

Energy resolution: 5 keV FWHM at Qgp (2527 keV) Fomeo £t
s Mixing
Chamber

Background goal: 102 c/keV/kg/year in the ROL.

Detector ~

Sensitivity on mgg (5y, 90% C.L.): 50 - 130 meV
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CUORE location

120 km from Rome

~ 3600 m.w.e. deep
u flux: ~ 3x10-%/(s cm?2)
v flux: ~ 0.73/(s cm?)

neutrons: 4x106 n/(s cm?)

Rome

Adnatic
coast

G DD GS



CUORE TeO: bolometers

CUORE Cu frames

heat bath /
(~10mK) > LSS PTFE
"supports
weak ’rher'mal/
coupling 6e-NTD
thermistor
—» TeO2
Absorber
crystal —
-32{[]:' A
* operated in extreme conditions ‘3‘“’%‘0
: : PPN
* (low T, low noise environment) 2
: o 9 -3800F 3
* excellent energy resolution (~0.2% NS
> d
FWHM) > -
* no particle identification 0¥

* slow, but ok for rare event searches



2v [3[3 decay of 13Te
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Residual (o)

Counts / (2.5 keV)
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Search for Ov pp decay of 130Te

— CUORE
- Phys. Rev. Lett. 120, 132501 (2018)
= 0
- ~ PP
A R Tl I ) I Y ) G
2480 2500 2520 2540 2560

Reconstructed Energy (keV)

Fit components:

* Flat background
+ 680Co sum peak
+ Peak at Qgp

« AE=7.7 keV FWHM

Half-life limit 90% CL:
» TWw>1.3x1025 yr



History of the Uni\“gerse
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What's the matter?

0.03%

Ghostly Neutrinos:
0.3% (Lower limit)

slars:

0.5%

Free Hydrogen
and Helium:
i 4%

Dark Matter:
25%

o o9 THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine




Q. But what are they good for?

A. Remote monitoring of nuclear reactors
(looking for diversion of plutonium !)

Reactor anti-neutrinos

Neutrinos / (MeV fission)

Composition of fuel changes
with time: 23°U is destroyed, A Bernstein et al.

239Py is produced SONGS reactor



Observed neutrino
counting rate before
and after reactor
turns on

Observed neutrino
counting rate during
two reactor fuel cycles

GO0

B
(=]
=

Counte per Day
L
=
=

150

=

* Ohasarvalian, Idbr avg,

N o
3 8

g

Detected antineutrinos per day

0

)
8

2

T T [ rrr rrr [ rrrrrr [ rrrrrr [ r 15115117
0228008 O30 T0s 0314508 032108 03/28008

Datm

Observed rate

s o ...»._“.», . '7'»-- LH* r__‘H_‘_____
4 +\l |
?
Cycle13 | Cycle13 |  Cycle 14
| Outage | |
| ! 'f
|
Predicted rate - in, 4y ;/

- Reported power

30 day average

06/2005  10/2005

02/2006 06/2006 10/2006
Date

- 8O
- G0
- &

L

-+ﬁ_LI_'_I+H Pradicted Rata (Laft Seajs) -
+ Reporied Power (Rlght Scalls)

100

Reaclor Power (%)

Reactor power (%)



Neutrinos in Popular Culture

Cosmic Gall
by John Updike (1960)

Neutrinos, they are very small.

They have no charge and have no mass*
And do not interact at all.*

The earth is just a silly ball

To them, through which they simply pass,
Like dustmaids down a drafty hall

Or photons through a sheet of glass.
They snub the most exquisite gas,

Ignore the most substantial wall,
Cold-shoulder steel and sounding brass,
Insult the stallion in his stall,

And, scorning barriers of class,

Infiltrate you and me! Like tall

And painless guillotines, they fall

Down through our heads into the grass.
At night, they enter at Nepal

And pierce the lover and his lass

From underneath the bed—you call

It wonderful; | call it crass.

*We now know neutrinos have very small masses
*and do interact weakly

: ,’/I

‘ 4((" é : é m
__V.v

—— .
e 5 TEENAGE uumtmm

Zak, The Neutrino



