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3: Breaking Things
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Symmetries and Conservation Laws

o “Symmetries” play key role in physics
e Symmetry — Transformation of a system

* Noether’s Theorem (1918): “every differentiable
(continuous) symmetry of the action of a physical system
with conservative forces has a corresponding conservation
law.”

* |e. If equations describing system doesn’t change with
some symmetry transformation, then there is a

corresponding conserved quantity:
e Jranslational — Conservation of Linear Momentum

e Rotational —Conservation of Angular Momentum
» U(1) Gauge — Conservations of Electric Charge
* | orentz Invariance: particle mass, space-time interval, etc...

Brittanica
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Parity and Helicity

Helicity Flip

direction direction
of motion of motion
Parity is discrete symmetry: X — — X Ang Mork Ang Mom
1950°s — Physicists believe all physical , ,
processes invariant under parity: SPin R Spin
InvariaanTSndee:’Crlo{ation
w(X) « L y(—x) h=+1/2 h=-1/2
Right-handed 3-Rotation | Left-handed
Particles have intrinsic parity: + 1
direction - — > v
Parity state of particle can be determined of motion el TP
by he/ICIty Ang Mom | Ang Mom
h = S_p spin parity _ spin
transformation v
P direction
of motion

Reyco Henning 1: History of Neutrino Physics 5 PIRE/GEMADARC Summer School, May 2023



1957: Neutrino Helicity Measured

Phys Rev. 109 (1957) 1015 Eu'®™ SOURCE

Helicity of Neutrinos* | 777N 77,

M. GOLDHABER, L. GroDZINS, AND A. W. SUNYAR

Brookhaven National Laboratory, Upton, New YVork
(Received December 11, 1957)

o
Wikipedia Z I\/V]_—anaLYziNG

MAGNET

1somer compatible with its decay scheme,! 0—, we find
that the neutrino is ‘““left-handed,” 1ie., a,-p,=—1
(negative helicity).

Thus, a measurement of the circular polarization of
the ¥ rays which are resonant-scattered by the nu-
cleus B, yields directly the helicity of the neutrino, if
one assumes only the well-established conservation
laws of momentum and angular momentum.

Pb

Wikipedia

Smz O3
SCATTERER Fe + Pb SHIELD

* |nferred Neutrino Helicity before
Neutrinos were detected!

SIS S S S S S S S-S S

Mu METAL SHIELD
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1956: Evidence of Parity Conservation Evaluated

 “Tau-theta” puzzle — same particle appeared to decay into different parity states.

e |Lee and Yang found no existing experimental evidence for parity consideration in Weak
interaction.

 Many skeptics:

 Pauli “Ich glaube aber nicht, daB3 der Herrgott ein schwacher Linkshander ist.” (I do not believe
that the Lord is a weak left-hander.)

 Proposed several test, including using nuclear beta decay

e Yang In his Nobel acceptance speech: “This prospect did not appeal to us. Rather we were, so
to speak, driven to it through frustration.”

Photo from the Nobel Foundatic
arch

Chén Ning Yang Tsuhg-Dao (T.D.) Lee

Prize share: 1/2 Prize share: 1/2

PHYSICAL REVIEW VOLUME 104, NUMBER 1 OCTOBER 1, 1956

The Nobel Prize in Physics 1957 was awarded jointly
to Chen Ning Yang and Tsung-Dao (T.D.) Lee "for
their penetrating investigation of the so-called parity
laws which has led to important discoveries
regarding the elementary particles."

Question of Parity Conservation in Weak Interactions™

T. D. LeE, Columbia University, New York, New York
AND

C. N. YANG,T Brookhaven National Laboratory, Upton, New York
(Received June 22, 1956)

The question of parity conservation in 8 decays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions.
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1957: “Wu” Experiment Confirms Parity Violation

Experimental Test of Parity Conservation Next Paper in Journal

.« 9Co 5ONi+e™ +1,+ 2y

e Polarized spin of 69Co nucleus using magnet and low B Awsiw, R W Haxwaxp, D. D, Horess, ano R P, Hupsox,
tem peratu Fes. (Received January 15, 1957)

in Beta Decay*

Observations of the Failure of Conservation

. . . 7 of Parity and Charge Conjugation in
C. S. Wu, Columbia University, New York, New YVork MeuciDe iy ik Macnetic

Moment of the Free Muon*

AND

 Gamma-rays served as control
Scintillator (for

* “A large beta asymmetry was observed.” measurement of
gamma ray
e | ater found to be maximal polarization)
* Weak interaction only “sees” LH v and RH v Dewar

Images Courtesy Wlklpedla

y o 990900< Scintillator
00 'OC
Parity Transformation - _\
—_——
e
Z

e —/

This world “Mirror” world

liquid helium
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Photomultiplier

Solenoid (for specimen

'. /_ polarization)
Scintillator (for
measurement of
gamma ray
polarization)
Magnet (for cooling by

adiabatic demagnetization)

CeMg-nitrate + °°Co specimen
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1962: Muon Neutrino Discovered

 New type of neutrino associated with
muon

n
3>
proton |
beam target proton accelerator \ _ e —
\ T -
& E"-:_.' - —-—B -P _—_B —}L '-fl — ‘
detector -
pi-meson steel shield spark chamber |
beam |
T o S
""'{7.,. . "‘l...-.‘;;t
.__-._.'.... :r. N ‘ o-.....’~_
The accelerator, the neutrino ~ . T U e, T v 3
beam and the detector oJ\t\Y“ ' “B |
Part of the circular accelerator in \':"'Yu
Brookhaven, in which the protons
were accelerated. The pi-mesons (1),
which were produced in the proton
collisions with the target, decay into ~ CONcrete
muons (1) and neutrinos (V). The 13 Ty
m thick steel shield stops all the

particles except the v pcnctratm'g
neutrinos. A v small fraction of the
neutrinos react in the detector and
give rise to muons, which are then
observed in the spark chamber.

. - - B 2.

Hased an a drawing In SCentific Amerikcan,
March 1963
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1970: Electroweak Model

 |Late 1960’s Electroweak Model developed by Glashow, Salam, Weinberg,
Ward...

 1973: Weak current discovery by Gargamelle experiment at CERN

e 1983: Z,W Bosons Discovered at CERN

a

Wikipedia

T — -
Duchesneau
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Standard Model of Elementary Particles

three generations of matter
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charge

SJelly

Reyco Henning
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Standard Model of Elementary Particles

three generations of matter

mass
charge

Spin

Reyco Henning
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& |

Y

photon w
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1

L
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W
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12
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0

.
Higgs

Columns -> “Flavors”

Force Carriers
Particle Physics “Force” is more than just
push or pull
A Force can change a particle type
It describes how particles interact.
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Standard Model of Elementary Particles

three generations of matter

mass
charge

SJelly
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Blackboard Time




More about Majorana vs. Dirac

Lorentz Boost Lorentz Boost

CPT

CPT CPT

Original argument by Kayser, 1985
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4: Strange Case of Missing Neutrinos
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Segue: Neutrinos from the Sun

99,77 % 0,23 %

pTp—H+e v, prte+p —-H+v,

v v 10> %

‘H+p"*—°He+y [PHet+p"— *He +e*+v,

l 15,08 %
‘He+*He— 'Be+ vy

l 99.9 % v 0.1%
TBe-l-e——fLH-\'e ‘Be+p™—>°B+ v

84,92 % l l
‘He+*He—>*He+2p* 'Litp*—*He+'He "B—>"Be*t+ettv,

‘Be*—s4He+*He
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Solar Neutrino Flux

1012 ,

I I 1 L] L] L] 1] 1 . . ]

1o Bahcall—-Serenelli 2005

1010 Neutrino Spectrum (+10)
10°

108

107

108
. "Be -
10 5 +10.97%

Flux (cm2 s-1)

10 4

103

10 2

10! . . P : /n

0.1

Neutrino Energy in MeV
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Production Location

Can Probe Core of Sun!

Reyco Henning 1: History of Neutrino Physics
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Fig.1. Representative diagrams for the various thermal neutrino
pair processes considered here: a) Compton process; b) plasmon
pole contribution to the Compton process; ¢) transverse plasmon
decay; d) nuclear Z" emission; and e) pair production in free-bound
atomic transitions.




Why do physics underground?

Secondary particle production in atmosphere and rock
After Gosse and Phillips, 2001

Electromagnetic
component

Hadronic
component

(~ 35 km)

\\\(
O
\
\
) \
I \ \\V
I \\ \
| . A
| \
| \
| \
| \
I vV
\
I . \
I M \
|
|
|
|
|
l .
I Air
|
|
: Rock
|
|
|
|
ﬂn |
v !
n p : 1|
[ Mesonic
component

www.AntarcticGlaciers.org

Top of atmosphere

L muons
e* positron

e- electron

photons (gamma rays)
kaons

pions

protons

neutrons

neutrino

< >3 T A R~
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T

To escape from cosmic-rays that can travel through miles of rock.

Total Muon Flux, oY (cm—2s~1)

10-°

https://doi.org/10.22323/1.395.1226

10_7;

10_8;

1072 -

10—10

WIPP (2005)

Soudan (2005)

= This work

A\ This work

Mei & Hime (2006)

® Flat Overburdens

B Kamioka (2003)
Gran Sasso (2005)
Fréjus (1989)
Homestake (2005)
SNO (2009)
Jinping (2020)

® O «

Boulby (2003)

SNOLAB (2000)

T T

2 3

T 1 T

4 5 6 7

Equivalent Vertical Depth, h (km.w.e.)
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Ray Davis Experiment

e 37Cl + vg 2 37Ar + €
e £, =0.814 MeV (no pp)

e 6151t of CQC|4

 Flush tank, look for 37Ar decay

 Only 0.5 atoms of 37Ar per day!
® Sensitive to v, flavor only

R
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Davis experiment results
Only 1/3 of expected flux!

Reyco Henning

(1 FWHM Results)

8
1.4 :
Predicted Flux Range 7
’;\ 1.2 & I ¢
§ 6
g 1.0 U 5
< - .
o 0.8 I o Avg.
- | , || b1 Rae{4 2
§ 06 . ’ Tl ! O
8 :
S 0.4 2 \
o o|® ¢
- 6 ' ¢ ? ¢ ?

g 0.2 o 7 o * |l A o 1
0.0 o o o Lﬁ t1 l t 0
1970 1975 1980 1985 1990 1995

APJ 496:505 (1998) Year
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SAGE/GALLEX SAGE/Gran sassc

® v.+71Ga =2 17Ge + €
e £, =0.233 MeV
® Sensitive to pp neutrinos

e SAGE: 60t metallic Ga ASAS
» GALLEX/GNO 30t GaCls-HCl ————
» Measured 70 SNU, expected 130 - =3 | s/

SNU h
| _ - GALLEX
 EXperiments disagreed initially. Baksan

Resolved with source calibration
(more later)

AR o

.......

=
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1Cr Electron Capture Sources

ALLEX: 1.5 Mci: 1 t
F eI, 1 ton SAGE: 0.6 MCi

e +p—->n+vu,

" A 51Cr (27.7 days)

|| 432 keV v (0.9%)

|| 427 keV v (9.0%)

747 keV v (81.6%)
752 keV v (8.5%)

320 keV y

Copper
cooling jacket

51y

! ' :

~ 51 51x 7
Decay scheme of *'Cr to 'V through electron capture.

FIG. 4. Cutaway drawing of the source. The Cr rods were
placed within the inner cylinders.

W-shield

0 cm S0
Fig. 11. Schematic drawing of the Cr-source inside the W-shield
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Gallex 51Cr Source
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Gallium Chlorine

GALLEX/GNO SAGE Homestake  Super-K




Atmospheric Neutrino Anomaly
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Isotropic flux of
coSmic rays

‘\
Zenith ...
ee? 8 -
http://hep.bu.edu/~superk/atmnu/
- Cosmic ray (proton)
” Earth L 4own ~ 100 km
Lyp ~ 10,000 km

Los Alamos Science
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Water Cerenkov Detectors
Particle ID
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Super —Kamiokande 848 days Preliminary

multi-GeV e-like multi-GeV mu-like (FC+PC)

] Predicted

— Numu-nutau osc.

-06 -02 02 06 -1 -06 -02 02 06
cos(zenith angle) cos(zenith angle)




R = (1/€)oata /(t/€nc

quite large (consistent with maxima




So what happened to the neutrinos?
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1958-67: Lepton / Neutrino Oscillations Predicted

* 1958: Pontecorvo, inspired by K-meson oscillations
studied lepton flavor-violating “mesonium and

antimesonium” oscillations: ey~ < e u™.
Sov. Phys. JETP. 26: 984

» Oscillation timescale too long to detect (muon
decays)

* 1967: Proposed 2-state neutrino oscillations:

Zh. Eksp. Teor. Fiz. 53, 1717 -
.+ U, U, Ul [‘;)v%o o hwies opb

e LU

* Provided first limit of mixing parameters based on

Cowan and Reines Experiment (10m baseline) Also ()

OSCILLATIONS AND ASTRONOMY
If the oscillation length is large (> 10 km) it will

 Postulated Sun as Source of neutrinos, but (!) he fpeasihle to b oo the o Haaa v = v
Unfortunately the weight of the various thermonuclea: V= Ve in neutr%no'b.eams from reaf:tors or accel.era-
reactions in the sun, and the central temperature of tors. However, significant astrophysical effects might
the sun are insufficiently well known in order to allov be possible.

a useful comparison of expected and observed solar
neutrinos, from the point of view of this article *’.
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https://en.wikipedia.org/wiki/Sov._Phys._JETP

Neutrino Oscillations Concept

e QM: Superposition Principle: Particles can exist in more than one state at a
time (superposition of states)

e Neutrino flavor is a state

» Consider only 2 states: |1,), |v,)

» QM says this is also a valid neutrino state: |v,) = al|v, > + f|v,)
* This iIs known as neutrino mixing. It is also observed in quarks (CKM mixing)

« Charge Current interaction determines flavor, e.g. electrons create \1/8)
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Toy Model: 2-Flavor Mixing

* Not required for mass eigenstates to be same as flavor eigenstates
» |Z,), |v,) do not have well-defined mass. Must use effective masses

V) _ [ cosf smd 2%
V) —sinfd cos 6 Un)

|lv,) =cos@|v,) + sinf|v,)
|vy) =cosO|v,) —sinf|y,) ...
Neutrinos interact as flavor eigenstates.

Propagate as mass eigenstates

A U, from a beta decay will mix or oscillate between a v, and v, as it propagates. QM Gives:

Am? = \mzz—mlz\

Am?L
4F

RN )
E : Energy of neutrino P (U e 7V ,u) — Sl (2‘9) Sl

L: Distance Travelled
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3 - Flavor Mixing

l

=107
Uel Ue‘z UeS €.g. ‘I/€> — Uel ‘I/1> + Uez ‘ I/2> + U€3 ‘ 1/3>

U = U;Ll U (12 Uu.3
UT]. UT2 U7'3

1 0 0 C13 0 31;36”"5 cio S12 0 ei1/2 0 0

= 10 ca3 823 0 1 0 —s12 ci2 0 0 e/2

0 —8923 (€23 —81367.'5 0 C13 0 0 1 0 0 1

C12C13 $12C13 size | [ ei/? 0 0

= | —s12C23 — €12893813€"  ciaco3 — S12823813€"  Sa3C13 0 el@2/2 ()

$12823 — C12C23813€"°  —C12823 — S12C23813€°  C23C13 0 0 1
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Neutrino Masses

Absolute masses weakly constrained, < 1eV.
Relative mass-squared differences known.
Three possible scenarios: Quasi-degenerate, also:

"Normal” “Inverted”
> I >
t [ Amyy?
.
Ve A
Am232 = 2X10-3 eV?2
Vu Amy3?
 peeee—— |
?
l Am122= /7.1X10-5 eV?2 !
. S B
[ ? [ ?

Needs to be resolved

v v
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Current parameters values

Reyco Henning

https://pdg.lbl.gov/2020/reviews/rpp2020-rev-neutrino-mixing.pdf

Table 14.7: 3v oscillation parameters obtained from different global anal-
ysis of neutrino data. In all cases the numbers labeled as NO (IO) are

obtained assuming NO (I0), i.e.,

relative to the respective local mini-

mum. SK-ATM makes reference to the tabulated x? map from the Super-
Kamiokande analysis of their data in Ref. [94].

Ref. [188] w/o SK-ATM Ref. [188] w SK-ATM Ref. [189] w SK-ATM Ref. [190] w SK-ATM
NO Best Fit Ordering Best Fit Ordering Best Fit Ordering Best Fit Ordering
Param bfp 1o 30 range bfp 1o 30 range bfp 1o 30 range bfp 1o 30 range
. 29
Slfo_llz 3.10701% 275 5350 | 3101213 275 5350 | 3.04T01% 265 +3.46 | 3201920 273  3.79
012/° 33.82107%  31.61 — 36.27 | 33.82127%  31.61 — 36.27 | 33.461057 30.98 —36.03 | 34.5712  31.5 - 38.0
.2
sin“ 0
10_123 5587920 427 56.09 | 5637%1% 433 56.09 | 551791  430-6.02 | 5477320 4455 5.99
023/° 48.3172 40.8 — 51.3 48.611°9 41.1 — 51.3 47975 ¢ 41.0 — 50.9 47.7t12  41.8 — 50.7
. 2
0
S 718 192411096 9046 —» 2.440 |2.23710956 2044 — 2435 | 2147999 190239 [2.160799%% 1.96 — 2.41
1072 —0—0.13 —|—0.13 -}—0.18 —{—0.16
013/° 8.61121% 822899 | 8607015 822898 | 841701% 7.9 — 8.9 8.45121°  8.0—8.9
Scp/° 22215% 141 — 370 221139 144 — 357 238171 149 — 358 218138 157 — 349
A 2
10_75”’;/2 7.397021 6.79 — 8.01 7.397021 6.79 — 8.01 7.341017 6.92 » 7.91 | 7.557029  7.05 — 8.24
A
— T3€/2 2.44910-052  2.358 — 2.544 |2.4541002%  2.362 — 2.544 |2.4197005°  2.319 — 2.521 (2.424 £ 0.03 2.334 — 2.524
3 o . . .
I0 Ax* = 6.2 Ax® =10.4 Ax* =9.5 Ax® =11.7
. 2
Z
Slfo_l” 3101913 275 5350 | 3.10191% 275 5350 | 3.03t%1% 264345 | 3201020 273 379
012/° 33.82707%  31.61 — 36.27 | 33.8270 7% 31.62 — 36.27 | 33.4070%7 30.92 —35.97 | 345712  31.5 - 38.0
. 2
sin” 0
1f0—123 5637019 430612 | 5651017 436610 | 5571917 444 56.03 | 5511218 45355098
023/° 48.67 1 ¢ 41.0 — 51.5 48.8110 41.4 — 51.3 48.2119 41.8 — 50.9 479710 42.3 — 50.7
. 2
sin” 0
— 1% 1226179997 2.066 — 2.461 |2.259%00%% 2,064 — 2.457 | 2.18709%  1.95 243 |2.220%3:97% 1.99 — 2.44
10 o 4+0.13 40.12 +0.15 +0.14
013/ 8.65T21% 826902 | 8641212 826 -9.02 | 849791° 8.0 — 9.0 853121 8190
Scp/° 285122 205 — 354 282712° 205 — 348 247120 193 — 346 281123 202 — 349
Am?
— ;/2 7.397021 6.79 — 8.01 7.397021 6.79 — 8.01 7.341017 6.92 — 7.91 | 7.5570%9  7.05 — 8.24
Am
3 3;2 —2.50910052 —2.603 — —2.416/—2.51010 059 —2.601 — —2.419/—2.478 10055 —2.577 — —2.375/—2.50+ 1) 02 —2.59 — —2.39
3 . . . .
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SNO

Sudbury Neutrino Observatory

1 kton ($300M!) D,O

3 Channels:
Elastic Scattering (ES)

e 2 vV, te

Neutral Current (NC)
Verutd 2 Veg tp*+n

Charged Current
V+d =2 v, +pt+pt +e-

3 Phases:
:n+d-2>3H+vy+ 6.3 MeV

I: n + 35CI > 36Cl + y + 8.6 MeV
Il: n+3He > 3H + p + 0.76 MeV

: 9/17/12 : .
Reyco Henning 1: History of Neutrino Physics

Henning, 52:|3\|UD|\/| 2012
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9/17/12 Henning, S%\IUDM 2012
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Solar Neutrino Problem Solved!
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Interpretation

1.0
Bahcall et al.

0.8

(1.6

1_ )

Ga, Cl

().4

0.2

0.0

9/17/12
Reyco Henning 1: I—/Iist/ory of Neutrino Physics 49 PIRE/GEMADARC Summer School, May 2023



2002: Discovery of Reactor Neutrino Oscillations

 [ate 90s: Evidence for neutrino oscillations become compelling from solar
neutrino and atmospheric neutrinos.

 Not observed in reactor neutrinos yet, though

Probability of v, disappearance:

) >
Am. L Am, L
. 2 . 2 2 4_ . 2 . 2 -

P =1-sin"20,,sin L — | —cos” 0,sin"26,, sin -l

e . 2 AL
4E, ) 4L, )

_ 9/17/12 _ , Henning, SSNuDM 2012
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KamLAND

2800 mwe In Kamioka mine in Japan
~ 200km from reactors

1 kton ultra pure liquid scintillator
(80% dodecane, 20%
pseudocumene) doped with fluor
(2 a 5-Di P he nyl oxazol e) Liquid Scintillator/”

o 7
3 i LLL
(1 kton) X 7 TR
1900 PMTs S
/ S /R
»’,‘ =
Il 2 O~ I

Containment

Muon veto and buffer shield essel |
(add map)

|1

Calibration Device

LS Balloon
(diam. 13 m)

_Photo-
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R
RN
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|
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l\ NNEEEV N
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Geoneutrinos Initial Hints

Reyco Henning

EARTHLY
POWERS
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1: History of Neutrino Physics
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BOREXINO

Borexino Experiment

External water tank 18m ¢

Rope tendons Stainless steel sphere 13.7m ¢
2200 Thorn BMI 8" PMTs BRSEE S
(1800 with light collectors Nylon outer vessel 11.0m ¢
400 without light cpllectors) / : Nylon inner vessal 8.5m ¢
N < <) e
% !' e N Fiducial volume 6.0m ¢
208 PMTsin water for Water v AN b
External Muon Detector N . .
¥ PR < Search for 7Be neutrinos via
] 7 \
: fer / b \ /\ VX + e_ 9 VX + 8'
\J / \ \
i | Scintillator E
\ / N Careful control of
| \ L
A\ N / A backgrounds
. - S =
Steel platesin A T » First measurements of 7Be
concrete for extra N\ /\
shielding- - /g L © (2008) and pep (2011)
10m x 10m x 10cm :
4m x 4m x 4cm > 05 ) e neutrinos
./ \J/
_ 9/17/12 _ , Henning, SSNuDM 2012
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Geoneutrino Discovery

Reyco Henning

1: History of Neutrino Physics
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Figure 3: Light yield spectrum for the positron prompt
events of the 21 7. candidates and the best-fit with Eq. (5)
(solid thick line). The horizonal axis shows the number of
p.e. detected by the PMTs. The small filled area on the
lower left part of the spectrum is the background. Thin
solid line: reactor-v. signal from the fit. Dotted line (red):
geo—, signal resulting from the fit. The darker area isolates
the contribution of the geo—v, in the total signal. The con-
version from p.e. to energy is approximately 500 p.e./MeV.
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2012: First measurement of 045

. . M . M A /LA ZL\
—cos* 6, sin*26,, sin*| ——2
AE, | U 4E,

.2 o (Am L
« Non-zero 6, Pee ~]—-SsIn"” 2613 1N~ 31

e |mportant c«
e ~ 1km baseline

» Exquisite control of systematic errors to ~1% 1
« Two, identical detector concept: 1t
* Near detector monitors reactor output oo b
« Far detector (1 ~km) searches for v, disappearance .
E': 07 b
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g'hrge Experiments Realized :
aya Bay

o RPC:
e |4
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Daya Bay does First measurement of 043

-~
~ i
< 1.15 E 800 [~ —¢— Far hall
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RENO, Double CHOOZ, and others follow.

Solar + KamLAND!!]

| - —e—: original flux .

F===0===-- —0O—: reeval. flux

Tok 2]

| - d |

Fe———0-——————— — -

3] —8—: normal hier.

I ® ! MINQOS —O—: inverted: hier. 3
F—— — O = — — —

] —e— original result
—O—: re-analysis

Daya Bay[S]

RIENO[6]

12K Update[7]

Double Chooz Update[8]
| ® | —&—: rate-only

= =0 — —| —G—: rate+shape

/ / [9]
o Daya Bay Update
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9/17/12 Henning, Séé\luDM 2012
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Kamiokande-Ill and Super-K

Detect High Energy 8B neutrinos via neutrino electron elastic scattering:
Vy + € 2 Vyt+ e

AT SOLAR NEUTRINO ENERGIES:

VX VX \)e e
| |
70 W
I 1 : 6 I

g e =3 Ve

All neutrino flavors Only electron neutrinos

o
O

| (0) Ee 2 9.3 MeV
" 4 N{*
¢

(b) Ee = 10.1 MeV

o))
o

1989: K-Il shows
Neutrinos are
from sun!
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— Fit: %?/NDF = 185/174

10* :
— 'Be: 49+3 cpd/100 tons
\ — ?1°Bj +CNO: 23%*2 cpd/100 tons
10 - %°Kr: 25+3 cpd/100 tons
' — 110: 25+1 cpd/100 tons
10°% E- 14y 100y
10

Counts/ (10 keV x day x 100 tons)

l1E Galbiati 2008

10"

107

10_3 RN T B _ |

200 400 600 800 1000 1200 1400 1600 1800 2000
Energy [keV]
_ 9/17/12 _ , Henning, SSNuDM 2012
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http://arxiv.org/abs/1110.3230

