Critical Neutrino Experiments
Establishing the
Standard Model

Ed Kearns — Boston University
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The Contest Question: Every year we ask the students to answer
a broad-based question depending on the SSI subject. This
year the question is:

“What experiment or set of experiments will demonstrably discover new physics
beyond the SM & what will be the nature of the theory that replaces it ? ”
NB: the existence of DM or neutrino masses doesn’t count !

Weinberg (in response to a question):
“Neutrino masses clearly take us beyond the standard model ...’

)

Critical Neutrino Experiments
Establishing Our Understanding of the
Standard Model with Massive Neutrinos
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More modern history Neutrino Mass

: (Standard Model Era)
Early hIStory Discovery of neutrino

(pre-Standard Model) |  weak mixing angle oscillations

Prediction Neutrino as a probe Confirmations &

. Precision measurements
. . Neutrino puzzles
Detection Three generations

The Neutrino Matrix

Helicity Solar
The road ahead

Two neutrino experiment Atmospheric

Neutral currents

recurring theme of this lecture:
CELEBRATE THE DATA POINTS




1930 Origin Story of the Neutrino

“r Chadwick, 1914
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... a desperate remedy ...

Physikalisches Institut
dar Eid‘o Technischen Hochschule m:'ich, ho Des. 19”
ZArich Cloriastrasse

liebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
snsuhBren bitte, Ilmen des niheren suseinandersetsen wird, bin ich
angesichts der "falschen" Statistik der Ne und Li-5 Kerne, sowie
des kontimuierlichen beta-Spektrums suf oinen versweifelten iusieg
verfallen wa den "Wechselsats® (1) der Statistik und den Energiesats
su retten. MNimlich die Moglichkeit, es kinnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
welche den Spin 1/2 haben und das Ausschlieesungsprinsip befolgen und
‘sdeh von lichtquanten wmusserdem noch dadurch unterscheiden, dass sis

mit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orossenordming wie die Elektronenasse sein und
:ﬁl’u nicht grosser als 0,01 Protonenmasse.- Das kontimiierliche

Spektrum wire dann verstindlich unter der Amnahme, dass beim
boba<Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist,

Mun handelt es sich weiter darum, welche Krifte auf die
Neutronen wirken. Das wahrscheinlichste Modell fir das Neutron scheint
mir sus wellermechanischen Orlinden (n¥heres welss der Usberbringer
dleser Zeilen) dieses su sein, dass das ruhende Neutron ein
magnetischer Dipol von einem gewissen Moment a ist. Die Experimente
verlineen wohl, dass die ionisiersnds Wirkung eines solchen Neutrons
nicht grosser sein kann, sls die eines aﬁu.smm und darf damn
A wohl nicht grosser sein als e * (10°°° om),

Ich traue mich vorliufig sber nicht, etwas tber diese Ides
su publisieren und wende mich erst vertrsuensvoll an Euch, liebe
Radicaktive, mit der Frage, wie es un den experimentellen Nachweis
eines colchen Neutrons stinde, wenn dieses ein ebensolches oder etaa
Jomal grosseres Durchdringungsvermogen besitsen wurde, wis ein
gwwa-Strahl,

Ioh gedbe su, dasgs mein Ausweg vielleicht von vornherein
wanig wahrscheinlich erscheinen wird, weil man die Neutronen, wemn
she existisren, wohl schon Ifngst gesehen hatte. Aber nur wer wagt,

3 und der Ernst der Situation beim kont. 1iche

wird durch einen Aussprech mcines vershrten Vi in Amte,

Herrn Debye, beleuchtet, der mir Mirslish in gesagt hat:

"0, daren scll man am besten gar nicht denksn, sowis an die neuen
Steuern.” Darum soll man jeden Weg sur Rettung ernstlich diskutieren.-
Also; liebe Radiocaktive, priifet, und richtet.- Lelder kann ich nicht
personlich in Tibingen erscheinen, da sch infolge eines in der Macht
vom 6, mm 7 Des, in Zirich stattfindenden Balles hier unabkSmmlich
bin. Mit vielen Oriissen an Fach, sowie an Hermm Baek, Baer
untertanigster Diener

ges, W, Panld



Ed Kearns --

Theoretical Insights

Versuch einer Theorie der g-Strahlen. IY).
Von E.Fermi in Rom.

Mit 3 Abbildungen. (Eingegangen am 16. Januar 1934.)

Nuclear Capture of Mesons and the
Meson Decay

B. PONTECORVO

National Research Council, Chalk River Laboratory, Chalk River,
Ontario, Canada

June 21, 1947

Interaction of Mesons with Nucleons
and Light Particles

T. D. LEg, M. RoseNBLUTH, AND C. N. YANG
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois
January 7, 1949
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Fermi theory of beta decay

Muons K-capture like electrons

Nuclear beta decay, muon capture,
muon decay are universal



1956 Detection of the Neutrino

7 Antineutrino from
NATURE  September 1, 1956 o 17 ; ——
Gamma-rays 4
EUTRINO o’ /
THE N cadmium //
By Dr. FREDERICK REINES and Dr. CLYDE L. COWAN, jun. capture ,/
University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico /
| doe i Proton in / Liquid
NI SR - 0 SRR O / water / Scintillator
; .t ba's \ L
Capture of
neutrons by Watef -
cadmium Neutron cc:?r:;um 7.6cm
nucleus . onde
Positron ™\ Eiectron—position
annihilation ]
Liquid
Scintillator
400 L water .
. mma-ray
1400 L Liq. Sc. from
110 PMTs annihilation

(1) A signal dependent upon reactor-power, 288 -
0:22 counts/hr. in agreement with the predicted?®
cross-section (6 X 10-% cm.2), was measured with a
signal-to-reactor associated accidental background in
excess of 20/1. The signal-to-reactor independent
background ratio was 3/1.

L/

») Positron 30008 Neuiron 3cope 1995 Nobel Prize: F. Reines @
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PROFESSOR W PAUL I
ZURICH UNIVERSITY

NACHLASS
PROF. W. PAUL|

Ler LFost
ZURICH (7)

NACHLASS i
Fuk PROF. W. PAUL! %
WE ARE HAPPY TO INFORM YOU THAT WE HAVE DEFINITELY DETECTED

NEUTRINOS FROM FISSION FRAGMENTS BY OBSERVING [INVERSE BETA
OF PROTONS OBSERVED CROSS SECTION AGREES WELL

CENTIMETERS

APECTED- 215

TIMES TEN TO MINUS FORTY FOUR SQUARE
FREDERICK REINES AND CLYDE COWN
BOX 1663 LOS ALAMOS NEW MEXICO

Nr. 20 6500 X 100 3/54
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1957 Helicity of the Neutrino
h=o0-p

Helicity of Neutrinos™ 10°

M. GOLDHABER, L. GropziNs, AND A. W. SuNYAR

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

YIELD WITH
Smz O3 SCATTERER

Eu'*2™ SOURCE 840 kev -

w
-
ANALYZING =) \ 960 kev
[4—aNALYZ 2 NON -RESONANT \
AGNE = BACKGROUND — 7\
> 2 N -
‘/l:[ g 10% = \ 2
\ z L . ]
SCALE \ 8 o - 960 kev -
T ‘\ ’ r r B
\ N —<
\ - 122 kev -
\
- 152 -
Pb Y Sm
\
\
\ L A
\ A B c
Smy O3 \
SCATTERER kewb SHIELD 10 1 1 1 [ I I
\ 18 20 22 24 26 28 30 32 34 36
‘ PULSE HEIGHT IN VOLTS
2"x3L" -
2 . L -
Nox Thus our result seems compatible with spin 0— for
(TQ)

Eu'?» and 1009, negative helicity of the neutrinos
RCA emitted in orbital electron capture.?

6342

B2E0(07) +e” =12 Sm*(17) + v 1(N — = N) 001740003
1528m*(1_) 152 Sm*(O_) NI, §(N— + N+)

v 152 S (07) =152 Sm* 5152 §m 4 Neutrinos are left handed
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1962 The Two Neutrino Experiment

5 GeV protons =S | E—:}' )
Beryllium target e
/{ﬂL |
10x 1-ton modules

1”7 Aluminum plates with spark gap
Coincidence counters (a) and
Anticoincidence counters (s,c,n)

/C

- 1988 Né).bélPrii(.l:.l;%z-derfﬁan; Schv_qu:tz', Steinberger @ @ @

e

i sl i
'ﬁ?ﬂ 5- ij

L—o

L
:

34 single muon events and only 6 showers = n—>uv is v, not v,
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Muon neutrino reactions:

Neutral current
Vi V),

Charged current

V,LL I ZO

W e e

1%
v vy,
n P
ZO
In the Standard Model:
No flavor changing neutral currents! (FCNC)
Ed Kearns -- SLAC Summer Institute 2018 n p np



1973 Discovery of Neutral Currents

Gargamelle (CERN)

Single event discovery ... background estimate 0.03 + 0.02
Received 2 July 1973

One possible event of the processv;, + € — v + ¢ has been observed. The various background processes are

discussed and the event interpreted in terms of the Weinberg theory. The 90% confidence limits on the Weinberg
parameter are 0.1 < sinzew <0.6.

Statistical analysis (including Monte Carlo) ...
Received 25 July 1973

Events induced by neutral particles and producing hadrons, but no muon or electron, have been observed in the
CERN neutrino experiment. These events behave as expected if they arise from neutral current induced processes.
The rates relative to the corresponding charged current processes are evaluated.

10}
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5F @
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Magnetlc Horn

J i
:

Fig. 1: Simon van der Meer, 37 years old, explaining the principles of a magnetic horn, June 1962 §

CERN-2012-008
31 October 2012

Fig.z
CERN-62-07
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-------

The Massless Neutrino in the Standard Model
SU(Q)L X U(l)y

( u ) universal
d r .

coupling

U, /
()
€ L

uRvdeeR

M
SLAC Summer Institute 2018
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The Neutrino as a Probe

V (E,p) ()\

xr \

1E
0.9 ;_ kaon
0.8F
07F
0.6F
05F
04F
03F
0.2F
01F
0 E

CC o (Arbitrary Units)

E, (GeV)
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S 16
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D 14}
£ 1.2}

3
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A

w

~~
80.6
S 0.4

T2K (Fe) PRD 90, 052010 (2014)
T2K (CH) PRD 90, 052010 (2014)
T2K (C), PRD 87, 092003 (2013)
ArgoNeuT PRD 89, 112003 (2014)
ArgoNeuT, PRL 108, 161802 (2012)
ANL, PRD 19, 2521 (1979)

BEBC, ZP C2, 187 (1979)

BNL, PRD 25, 617 (1982)

CCFR (1997 Seligman Thesis)

CDHS, ZP C35, 443 (1987)
GGM-SPS, PL 104B, 235 (1981)
GGM-PS, PL 84B (1979)
IHEP-ITEP, SINP 30, 527 (1979)
IHEP-JINR, ZP C70, 39 (1996)
MINOS, PRD 81, 072002 (2010)
NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (2006)
SciBooNE, PRD 83, 012005 (2011)
SKAT, PL 81B, 255 (1979)

SO OD ddg
XXdpro@<«<«mnO

1 10 100 150 200 250 300 350

E, (GeV)
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1975 The Neutrino as a Probe

45 et
~ (E'p") 1.4 - e All events, E = 1-11GeV
V (E;p) ) { o Elastic events
U\ { — 3.6 F5M(x), SLAC
\

-~-- With Fermi smearing and

\ Wi (v,q) T N measurement errors
" \ R E
FV 1
—— 2 ) Gargamelle

06
Demonstration that the weak coupling 4
to quarks and leptons is universal O'Lﬁ
021
_}%’ﬂ
0 02 04 06 0.8 10

x'= q2 (2My + M2) —>

Fig. 4. E‘Q’N(x') computed from all events irrespective of neutrino/agtineutrino energy. At small
x', the data are binned in small intervals Ax" to indicate the fall in F,. Within the statistical
errors, the form of F, for x’ < 0.1 is independent of energy.

Ed Kearns -- SLAC Summer Institute 2018
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1979 The Neutrino as a Probe

HE (E'p)
V (Ep) 7)

\

\ -
\ W+ (\"7 ('l )

xr \
§E [{h

Demonstration that the weak coupling
to quarks and leptons is universal

do  2G4mE,

— neutrino

dy T

2 _
d_U — QGFmEV (1 — y)2 antineutrino
dy 7

Ed Kearns -- SLAC Summer Institute 2018

E, = 30 - 200 GeV

| o CDHS

< <

Fig. 12. Distributions in y for neutrinos and antineutrinos, after
correcttons for acceptance, resolution and flux

16



The Neutrino as a Probe

Target - calorimeter 0.245 T T ||||I'I'| T T 11T T T 1111
{Iron - Scintillator — Drift Chamber)

E;B IQW(APV)
NE 0.235
Paschos-Wolfenstein
0.230
o(NC,v)—oc(NC,v) 1 ., P
= ——S1n
— W 0.225
G(CC, V) - G(CC, V ) 2 O,OOO‘II ---‘-)-:21)01- IIII(I)l:|01l IllII0,1 = 1 10 100 I IIII‘IIOOOI III‘II;)OOO
u [GeV]
-—# Evert Lenath - # Event Length
m “ o L“lllhl‘il e h"]

[T |
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2000

DONUT Detector for
direct observation of
tau neutrinos (V)

Ed Kearns -- SLAC Summer Institute 2018

Identification of

muons coming from

tau decay
Calorimeter determines
energy of decay products

Drift chambers record
decay particle tracks

Mac%net spreads tracks
of charged particles

Emuision target
with planes of
scintillation fibers

u <
—Eleclron"\_ 5 50"\"@ o
LN e
—— Hadron * 100rx¥ad
. Nensnnnd ”‘J.‘
—— Unknown 190Mgad
7
FL-8870um
i
/
4
i
‘_l
i

Detection of the Tau Neutrino

DONUT "
3334419920 -
/
7
— 1 |

-----
......
........
...,

Rt
Ve,

ir——— ..,

...............

P \

One of four...

800
Emulsign plaie
o, /\ -1280
IOREECNCRCNONNES

Steel shield to
block particles
other than

neutrinos

Neutrino
beam

v. N—=>1 X

L 3hv, (X)
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1989 - 2000

This result is critical to interpreting observations of neutrino oscillation.

Ed Kearns -- SLAC Summer Institute 2018

30

Three Neutrinos

2V

ALEPH
DELPHI
L3
OPAL

| ¢ average measurements,
error bars increased
by factor 10

8 8 90 92 94
E_ [GeV]
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Solar Neutrino Puzzle

Too few neutrinos
from the Sun

First puzzle found,
second one solved

Ed Kearns -- SLAC Summer Institute 2018

Neutrino Puzzles

Atmospheric Neutrino
Anomaly

Ratio of muon neutrinos
to electron neutrinos

Is wrong

Second puzzle found,
first one solved

20



4p —
‘He +2e” +

Y+ 2v,

p+p— ‘H+e +v,
7 - 0w
Be+e — 'Li+v,

B— ‘Be+e’+v,
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Solar Neutrinos

Neutrino Flux

1012
11 ,.
10% ¥ PP
1010 ..
109 F
1os | /Be
107 F
10¢

108

104 é/
103

102 |

1: L ! L PR T T
1051 0.3 1 3 10

Neutrino Energy (MeV)
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1970 —

30 years of Ray Davis’ Homestake experiment - 800 solar neutrinos

' . 5
1994 . _

L ] i 7
’;i 1.2 B ® * ® 1
é ¢ l6
E 1.0} 1 e ¢ . _ s
s ! K o ]
2 0'8 i ! 9| ? b
a [ ] L ] T ® it
= P . ¢ oll I oel|[?®
-§ 06| ¢ * 1L 3 i 2002 Nobel Prize:
2 b ‘ 1 o W ? * e Ray Davis
] 1] © i i s i ’
8 0.4} o U e s ~| . @
(=¥ . ' ®
g 0.2 | ' b 1{ T \

ol W LI L TIRNH T PRTT T
1970 1975 1980 1985 1990
Year
Quarks JNy T w/zZ SN1987a top  neutrino Higgs
qguark oscillation boson
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Kamiokande

Z(m)

S 150 s
PO - BROTE(E

N 5
N
N [
S e- 3 52T 100}
AN : =y - [ BAlahr-E5

\
Osun <. .
-3 ‘.' : o = -1 o B ot e "--.‘ i
w -5 _.3':-.-.- S0 Ceats o Saees 5 % ¥ a0 ..'_'. T Oh cgeane ll\"y7l715'7‘(|~' E e Re e e
e T o . _ o 210 -05 00 05 10
cos O,

2
N =
—
-
o)
-
E]

neutrino scattering
off atomic electrons

o —

directional detection
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1982 Kamiokande-I 1985 Kamiokande-II

L i

22.5m

ELECTRONICS Acm?:‘%}?lon

- I N R EE N S 5 P | ELECTMI

L/ L LT A NN —i*—l—v’Tr‘—v"—r"v‘F;'l/ .
f///gl’”/{ e ] ' | ; L1111 117
,_ - = ] /.’ i —
P . 19m Lt Jr1 /T T T 717777
o ?-.,. ! R Y.
2 - N —- ]
/] ki 7 [ =
' i /! T2 22r7
1] | —ery,

< 1 [
PMTs’ /] :I Pun‘ra%m §
. ) {w ! : ‘ 4 sysTEM | N
/7' 7777777
o

- 2002 Nobel Prize:
Masatoshi Koshiba
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1990’S

OO [ oo e
At - Gallex/GNO

Gallex/GNO &SAGE
30-60 tons of gallium

v, +71Ga > "Ge + e

SAGE
E.>0.23 MeV 300 continues|to 2016
A% ‘ =)
pp neutrino flux gm \ h | M “” |
T
| H;S}

e I

llllllllllll




Solar Neutrinos — circa 1995

12 T Bahcall-Finscrneault SSM

) S EI— H—--- €«
= 08 |
[1)]
w
% 05 F Gai E J
@

04 T

cl W
02t - ~47% of SSM
003 1.0 100
Energy {Me\/)
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e P e 10 - — — |
I
Neutrino Flavor Mixing? i
f
: : . ' == ~
Matter Effects: Mikheyev, Smirnov, Wolfenstein (MSW) Small Mixing Large
Bahcall, Krastev, Smi hep-ph/0002283 o A -
ahcall, Krastev, Imu'now ep P'/ e p—r—— Angle i f Mixing
- luj : _ l:'."". r\il-_f_';J
{ i C N — i Angle
SMA n | ¢ ~
o l ﬂ el l\
! n . % 10° !
0.8 | VAC, - g |
— ] I
® o L i LOW
Y ¥l (mass and
0.6 Bahcall-Pinsonneault SSM 1 r:
;‘ 1 | with He and metal diffusion \\ \\ = prObablllty)
\'~\ : h g 1
-~ qf ~ - EBE Combined 95% CL. N\ )
i i ~ T ——- SAGE & GALLEX N 1
0.4 LOW “ u T Kamiokande g
' —==— Homestake
h H “ U U mpm“‘ TS o w0 10’
i LMA . sin 20
0.2 - j IR L |
i aB max [A‘l;r:; (a) active
10-10 L
0 i i M R S T . | n " i U S T . | -
0.1 1 10 Vacuum

Energy (MeV) ”Just So”
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e

42 m high, 39 m diameter
50000 tons of water (22.5 kton fiducial)
11000 50-cm PMTs

Outer detector (1900 smaller PMTs)
1 km under a mountain

Energy threshold (solar) ~ 5 MeV
10 atmospheric neutrinos per day
Far detector for K2K and T2K

SK-1, 11, 1ll, IV and currently preparing for SK-Gd




Smoking Guns

Energy spectrum distortion Day/Night Effect: Regeneration in Matter

Gamum | Chiorine P
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1999 —

2006 SNO - Sudbury Neutrino Observatory

-
.

»

“a KUNGL.
i1 %) VETENSKAPS:
AKADEMIEN

THE ROYAL SWEDISH ACADEMY OF SCIENCES

€) 2015 Nobel Prize:
Art McDonald

Creighton Nickel Mine in Sudbury Ontario

1 kton of heavy water (D,0)

9500 PMTs

2100 meters deep — 6000 mwe 3 muons per hour!

Clean detector: low radioactivity

Three phases: pure D,0, NaCl salt, Neutral Current Detectors _
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Heavy Water: D,0

v,+d—=p+p+e

V.+e —V +e

v.+d—=p+n+v,

Charged Current (CC)

Elastic Scattering (ES)
Neutral Current (NC)

NC

Ed Kearns -- SLAC Summer Institute 2018

COS Osun

Neutral Current -- Capture in D or Cl
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SNO Solar Result (2001)

PRC 72, 055502 (2005)
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~
e
ey
-~
.
-
.
e
-
ey
-~
-~
-
.
e
-~

— {5 68%, 95%, 99% C.L.

¢ur (x 10°cm? s

-
.~
-~
-
-
.~
.~
-~
.~
.~
-~
~
-~
-~
-~
-~
oS
.
-
e
-~
-~
-~
B

Illllll]llllllllllllll

=
=
=

160 |-

- I Cerenkov bkg
140 — B neutrons

- I SNO CC

- I SNOfit

Events per 0.05 wide bin
r
=

S = L e 4]
= a2

b
=

=

-1 —08 06 04 02 0 02 04 06 08 1
cos O,

Would measure

b I o 68% CL.
B i 6s% CL.
e T e 68% CL.
B i cs%cCL.
0 el 1 il l 1 1 1 Il I 1 il I _— l 1 l L 1 Il 1
0 03 L L5 2 2.5 3 35

0, (x 10°cm? s

Poc = 1.68+0.11
dyo = 4.94 4 0.43
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here if no v mixing.

Standard Solar Model prediction.
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Atmospheric Neutrino Anomaly
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1 electron-neutrino sub- sub-  multi-
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Iron tracking Water Cherenkov

1986-1998




| Atmospheric Neutrino Anomaly

(perpendicular to
earth s‘urface)
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15t Super-K paper — March 1998

o
0 500 1000 1500 2000

Times (ns)

1.5

0.5

Measurement of a small atmospheric v, /v, ratio

firmed the existence of a smaller atmospheric 7, /v,
ratio than predicted. We obtained R = 0.61 +
0.03(stat.) + 0.05(sys.) for events in the sub-GeV
range. The Super-Kamiokande detector has much
greater fiducial mass and sensitivity than prior exper-
iments. Given the relative certainty in this result,
statistical fluctuations can no longer explain the de-

viation of R from unity. 25.5 kton yr (414 days data)
Sub-GeV only
Two independent analyses

NUSEX Frejus IMB Soudan2 IMB Kam. Kam. Super-K Super-K
multi- sub- sub- multi- sub- multi-
GeV GeV GeV GeV GeV GeV
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2"d Super-K paper — May 1998
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event
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Study of the atmospheric neutrino flux

in the multi-GeV energy range
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Dlscovery of Neutrino Oscﬂlatlons
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24 Aucust 1998

Evidence for Oscillation of Atmospheric Neutrinos

sub-GeV multi-GeV
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August 1998
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disappearance
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2017
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2017

MINOS w/atm === T2K 2014 == NOvA 2015
mmm [C2014 - revised

Long-Baseline: =
| Atmospheric Neutrinos:

m= SKI-IV2015 |

Normal mass ordering assumed, 90% CL contours
compendium from 1607.02671 (PINGU)
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1999 - Long-Baseline Neutrino Experiments

Ed Kearns --

SLAC Summer Institute 2018

P
CERN

n Sasso

K2K (1999-2004) MINOS (2005-present ) OPERA and ICARUS
and and (2008-2012)
T2K (2011+) NOvVA (2013+)

Confirmed (K2K) and precisely measured (MINOS) muon neutrino disappearance
Found electron neutrino appearance (T2K, MINOS)
Studying CP Violation and Mass Ordering with neutrinos and antineutrinos (T2K, NOvA)
Found Tau neutrino appearance (OPERA) 42



2005

Survival Probability

KamLAND - Solar Sector with Antineutrinos
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1 kton liquid scintillator
reuse the Kamiokande cavern
sensitive to combined flux
from numerous reactors
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The Neutrino Matrix

Pontecorvo-Maki-Nakagawa-Sakata Matrix (PMNS or MNS)
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The Neutrino Matrix

1 0 01]] Cis 0 S13€_i6- c, S, O
U=(0 c¢,; 5y 0 1 0 -s, €, 0
0 =5, €y —s.e° 0 ¢, 0 0 1

c,; =cosb,, s, =sinb,

Three mixing angles plus one complex phase.

Ed Kearns -- SLAC Summer Institute 2018
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Neutrino Mixing Angles

+2.4°

6, =33905

Until summer 2011 913 <13
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Three Flavor Neutrino Oscillation in Matter
P(v, — v.) = Ty sin® 20y3 — Thasin 26015 + Tyarsin 2013 + Tha”

. Am3,
sin” [(1 — 2)A)] @ = AmZ,
(1 —x)?

'Tl = SiIl2 923

sin(zA) sin [(1 — x)A]

CPviolating T, = sindcp sin 26, sin 2693 sin A

T (1 —x)
: , . , sin(zA) sin [(1 — 2)A
CPconserving 71— cosdep sin 261, sin 2695 cos A (z4) E(l )) |
4 A —
D
‘ sin“(x A
T, = cos?fy3sin® 20,5 (2 )
X

A = A?'nglL/ 4F r = 2V2GpN.E/Am2, = E/12 GeV

for anti-neutrinos, sign of x and sin 6, is changed

Ed Kearns -- SLAC Summer Institute 2018
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Events
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No evidence for reactor neutrino
disappearance at short distances (km)
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2012
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P survival
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2017 ”Solar” Mixing Parameters
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1998

"Atmospheric” Mixing Parameters
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Long-Baseline: =: MINOS w/atm === T2K 2014 == NOvA 2015
 Atmospheric Neutrinos: mmm |C2014 -revised == SK|-IV2015 |

Normal mass ordering assumed, 90% CL contours
compendium from 1607.02671 (PINGU)
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Neutrino history is being written now

**» Determine the mass ordering
+*» Leaning towards normal ordering

*** Measure phase 6 — seek CP violation
** Could be maximal

“* Refine measurements, especially: is 0,; # 45°?
** Unstable results

*¢» Absolute mass scale
+* Sum masses < 0.3 eV

** Is the neutrino mass term Dirac or Majorana?
**No idea!

** Resolve current puzzles and anomalies!
** Get out the popcorn!

*» Use the neutrino detectors for other good science:
Baryon number violation, astrophysics, dark matter




