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The standard view of the Universe
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Remarkable “Neutrino Years”
(painted with a broad brush)
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Remarkable “Neutrino Years”
(painted with a broad brush)

1998 - 2014

® neutrino oscillations — mv;éO
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* measured Amso and Ammm

/
* measured 3 out of 4 angles
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ATMOSPHERIC NEUTRINOS
ANOMALY RESOLVED




Atmospheric neutrinos anomaly resolved
The advent of LARGE detectors
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2 The announcement of the discovery

First detection of atmospheric N(ve + 176) of neutrino oscillations at Neutrino 1998
neutrino at Kolar Gold Field in 1965 by T. Kajita
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Neutrino Interactions
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Detecting atmospheric neutrinos:
(Underground) SuperKamiokande Experiment

€ 50 kton water (22.5 kton fid.vol.)
€ 11,146 PMTs +1,885 PMTs
& overburden 2,700 m.w.e.
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SuperKamiokande Cherenkov rings

v,+n—=>p+u V,+n—=p+e

I | || | T T

s T

Incoming Photomultiplier Tube

Photon\ Window

Fhato- / /‘ Dynodes r‘
bt

cathode
\ -
&’&—‘\_ »sej/ \ .,A,,-// N S
|

i
/)

Focusing | ‘
Electrode il wl LB mim =
Voltage Droppmg
Resistors 4 S

utput
Figure 1 Mefer

Power Supply

K. Lang, U. of Texas at Austin, Neutrino Oscillations Experiments, LAPP, July 16-22, 2015 9



16 years later ...(lots of statistics)

SK-l+lI+1ll+1V, 4581 Days
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SOLAR NEUTRINOS
DEFICIT RESOLVED
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Solar neutrinos

v

v

Solar wind and neu’grinos
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Basic theory: 1939
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Deficit of solar neutrinos

Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]

/ ) SuperK, SNO
8 14_1% % 1 0+0.16 Gallium !Chlorme |
/ -Y_o0.16 10% -
% Bahca
% 101 m
" 10%
3 109
= 10°®
48+0.07 g F Be '8
- 107 i
0.41+0.0 67+5 3 el
2.56+0.23 2 el
10+ /"
SAGE to®
10%
SuperK
lo] " 1 .
0.1 0.3 1 3 10

C1 H.O Kamiokande Ga
? Neutrino Energy (MeV)
W "Be H PP, pep Experiments W

Theor
y 88 W CNO Uncertainties

K. Lang, U. of Texas at Austin, Neutrino Oscillations Experiments, LAPP, July 16-22, 2015 13



SuperK - solar events
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Neutrino-Electron
Scattering (ES)
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SNO measurements (total solar flux)
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The total flux of active neutrinos is measured
independently (NC) and agrees well with solar

model.

Calculations:

5.82 +- 1.3 (Bahcall et al.),

5.31 +- 0.6 (Turck-Chieze et al.)

Bec =1.68 T pe(stat.) g (syst)
Bye = 4.94 155 (stat) 53, (syst)
Pps = 2.35 153 (stat) 3 (syst)

(In units of 10°cm™s™)

7CC 2 0.34+0.023(stat.) 092
Pne

Electron neutrinos are
Only about 1/3 of total!
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NEUTRINO OSCILLATIONS
SOME QM

K. Lang, U. of Texas at Austin, Neutrino Oscillations Experiments, LAPP, July 16-22, 2015
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Neutrino mixing
The PMNS matrix

E}V%d TMonsex oplb
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Neutrino propagation
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Two neutrino case

Transition probability:  P(v,, %vﬁ

< V! ‘v(t x)>

.m 2
—— .
Now more explicitly: P(Va — Vg L) = EU/;’;‘ o 2P Uai
i
Consider a two component theory: U = cosf)  sind
—sinf cos6
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“« 4E
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NEUTRINO OSCILLATIONS

EXPERIMENTAL OBSERVATIONS
USING NUCLEAR REACTORS

K. Lang, U. of Texas at Austin, Neutrino Oscillations Experiments, LAPP, July 16-22, 2015
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KamLAND

Detecting anti-neutrinos

€ KamLAND is surrounded
by nuclear power plants
which produce electron

V,+p—>e’+n (prompt)

anti-neutrinos. WG p—d+y(2.2 MeV)
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KamLAND results
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NEUTRINO OSCILLATIONS

EXPERIMENTAL OBSERVATIONS
USING ACCELERATORS

K. Lang, U. of Texas at Austin, Neutrino Oscillations Experiments, LAPP, July 16-22, 2015
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Two Neutrinos Case
A disappearance experiment

2
P(v,, =V L) =sin*(26)sin’ %L
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MINOS

Main Injector Neutrino Oscillation Search
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Making a neutrino beam
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Making an anti-neutrino beam
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MINOS: Near and Far Detectors
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MINOS disappearance results
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OPERA - v_appearance experiment
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From CHOOZ to Double CHOOZ

E :
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CHOOZ (5 ton detector)

M. Apolionio et al./ Physics Letters B 466 (1999) 415-430
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Double CHOOZ 8.2 ton

------- No oscillation
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Daya Bay Experiment

3 Underground -
Experimental Halls
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arXiv:1505.03456 ~ Daya Bay: 8 detectors
2x20ton + 2x20ton + 4x20ton
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NEUTRINOS OSCILLATIONS
PRECISION ERA

(NEED 3-NEUTRINO FORMALISM
AND MATTER EFFECTS)

K. Lang, U. of Texas at Austin, Neutrino Oscillations Experiments, LAPP, July 16-22, 2015
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More on the PMNS matrix

[ o)
—idcr
€12%13 912¢13 513€
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( e
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Neutrinos in matter

,M T ,M T
This gives an effective potential
of electron neutrinos: V = \/EGFNe

v, P1.¢€ p,n,e
— Alcos 20+V Am’ sin 260
; i Ve _ 4F 4F Ve
dt 1% 2 2 v
S Lie sin 260 Al(:032(9 a
4F 4F

6, diagonalizes the Hamiltonian in matter:

2)\2 The flavor eigenstates are (in 2v approx.):
) Am
Sin 20' E

‘ve>= cosﬁm‘vlm> + sm@m‘v2m>

sin?20. =
i 2
) <in 20 ‘vu>=—s1n0m‘vlm> + cosﬁm‘v2m>

2
Alcos 20 - \/EGFN
2F

2
Am2
+
€ 2F
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Matter does matter

No matter With matter
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MINOS disappearance + appearance

P(vy »vu)=1 — 4sin? 63 cos? 013(1 — sin? 03 cos> 013) sin’ (
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T2K vs NOVA
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The strategy: off-axis NuMI beam
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Event displays

T2K experiment

Super-Kamiokande IV
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T2K measurements & NOvVA starting up
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It's tough to make predictions,
especially about the future.

Yogi Berra
(baseball player)

NEUTRINOS OSCILLATIONS
FUTURE ERA
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Future

€ What is left:
= Mass ordering
= 0,4 octant
= Ocp

@ If 6., # 0 (CP violation)

= Major consequences in
particle physics and
cosmology

= The “holy grail” of
neutrino physics (and
beyond)

Normal ordering

v, E—

Inverted ordering
Am’

, V2
A“‘wl{T v
atm

Al'rl:tm
V2 A 2
Am
v, } é V3

€ What is the nature of

neutrinos
= Majorana
= Dirac
oo
Yr . G

o)
& Are there sterile neutrfﬁggs”@,
[LSND and miniBooNE = 7%
13 H ) 0/
puzzles (“anomalies”)]
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Key formulas

€ Muon-neutrino disappearance

2
P(Vu = i) =1 — 4sin” 653 cos” 013(1 — sin” B3 cos? 013) sin’ (A,ZEE)VLV)

€ Electron-neutrino appearance

: , D A1 . Y
P(Vﬂ — Ve) — sin? 6>3 sm22913 Sm(lA_(,i)zA) + (XJCOS(A:E 6CP) sukAA Sm(lA_(,l‘;)A)
)
+ a? cos? B3 sin* 20, 24
J = cos 8135in20135in20128in26,3 A = +£2v/2Gpn.Ey /Am3,

o =Am3, /Am3, ~ 1/32

€ Electron-neutrino disappearance
P..(L/E) = 1— Py — P31 — Py
Py = cos?(f13)sin®(26012) sin®(Aoy)
Py, = cos?(f2)sin®(26,5) sin®(Ag;)
Py = sin2(912)si112(2913) sinz(Agz)I
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JUNO and RENO 50 - the concept

Jiangmen Underground Neutrino Observatory

NobsNexp @ 4 MeV

* e o6 0o

Phys.Rev.D78:111103,2008
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—— 0, oscillation
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€ Rich physics program
= Mass hierarchy
= Sterile neutrinos
= Improve mixing of 4 par.
o sin?0,, sin%0,; Am?); Am?s,
= Supernovae
= Atmospheric
= Exotics
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Atmospheric neutrinos

€ Exploit atmospheric neutrinos and a large detector

€ Determine the neutrino mass ordering (“hierarchy” in old parlance)

€ For the normal ordering matter effects
enhance (suppress) the transition
probability for neutrinos (antineutrinos)
and vice versa for the inverted ordering.

P(v,—v,) with Travel Through the Earth - 10 GeV, 179
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Atmospheric neutrinos

oscillograms
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Accelerator LBL experiments:
MH and CPV

Accelerator long baseline
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€ Mass hierarchy and CP modulate oscillation probability:

6=n/2
6=0
0=—n1/2

E,(GeV)

E,(GeV)

= Need to measure as a function of L/E [measure E spectrum]
€ MH sensitivity grows with L [matter effect]
4 CP modulation grows with L/E [measure E spectrum]
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Future MH & CPV experiments

(mass hierarchy and CP violation)
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Closing remarks (lessons learned ?)

10"

@ In neutrino oscillations physics 2 .. =3
= Build a large detector or two i 107 | SuperNova
= Build an intense neutrino source T *" Reacter
= Much to do! g‘“" el Terrestrial
%10« " Atmospheric
wn 10"
¢ Be first! .
= No one argues with success! 0%
= Winners take it all! 10*

= Be decisive!

10" 10” 10" 10° 10"
Neutrino Energy (eV)

When you come to a fork in the road, Don t work on it!
take it! Do it!
Yogi Berra Dick Tracy
(baseball player) (fictional character)
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