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Where we left off last time:
Neutrino Oscillations: Overall Picture
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Neutrino Oscillations - Status

* Two distinct types of oscillations (with quite different mass splittings) have been
observed:
e Solar - disappearance of ve, Am2 ~ 7.6 x 10-° eV2
e Atmospheric - disappearance of vy, Am2 ~ 2.4 x 10-3 eV2

» Choice of convention: small splitting between v1 and vz, big between v v2 and vs

» The data tell us: mixing between vi1 and vs is small
» In solar oscillations, we observe v1 - v2 oscillations, v1 has to have a big ve
component
» In atmospheric oscillations, we observe vz - vz, with maximal mixing: vsis (almost) a
50-50 mixture of vr and v,
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Neutrino-Oscillations

: The Resulting Picture

V3 NN v27//Ak\\\1IIIII}Am2
NN sol  Am2s0 ~ 7.6 X 10-5 eV2
Am2atm or T AM2zm ~ 2.4 x 10-3 eV2

(Mass)? Am?2
atm
One neutrino has to
V> 7 , have a mass of at least
i < }Am sol ~ 0.05 eV!
izl ACY NN 11111111

Sin0 5 Solar and atmospheric

oscillations probe two
of the three mixing
angles - the 3rd
(smallest) needs
“laboratory”
experiments

i v, [10,17]

22V, [1U.121 NNv.[1U.2

* Absolute masses and hierarchy not known yet! Two possible arrangements...
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Measurements with man-made Neutrinos
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Fermilab Main Injector produces neutrinos for the MINOS and NOvA experiments
Fermilab
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* A key component of reactor experiments: Understanding the neutrino flux and

energy spectrum

* Highly non-trivial: Many fission and complex decay chains involved

Measured U235 Beta Spectrum

Fit ‘Virtual Beta Branches’
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Converted Antineutrino Spectrum

P. Huber, PRC 84 (2011)
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KamLAND Usmg Reactors to prove Solar Oscnlatlons

* For few MeV Neutrinos and “Large Mixing Angle” solution of solar
observations: Need a baseline of ~ 100 km

55% of total ‘ By -

flux from: | ‘ KamLAND uses

the entire Japanese
-«  huclear power

mndustry as a 180 GW

“"long-baseline source!

~Russia

Viadivostok

South Korea

. Ulchin

130°E 132°E 134°E 136°E 138°E 140°E

S — P

Teilchenphysik mit kosmlschen und erdgebundenen Beschleunigern: . _
SS 2018, 13: Neutrinos || Frank Simon (fsimon@mpp.mpg.de) 9



The KamLAND Experiment
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The KamLAND Experiment

* Neutrino detection in KamLAND (and other reactor experiments):

T/e+p—>n+eJr

. At ~ 210 us

* Two-component signature:
* Prompt signal: lonisation energy from e+, annihilation photons

* Delayed signal: Photon from neutron capture

E— e

| Universal feature: Only electron (anti-) neutrinos can be detected in CC reactions - |

' Energy threshold for muon neutrinos > 105 MeV:
| Reactor experiment§ are disappearance experiments
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Events per 0.425 MeV Efficiency (%)

e Observed clear osci

KamLAND: Proving Solar Oscillations

llation signal
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e Consistent with large mixing angle solution for solar observations

together with SNO:

+0.06
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Gomg beyond the Ieadlng Oscnlatlon |

Flavour fraction

* Oscillations of reactor (and solar) neutrinos are dominated by the 1->2
transition - but that is not all:

%”“7 (Ve by &4 and ASW
/ ™13 freguncy ﬁlﬂm(
by b
l ~i 7o .
1.0 4 -
slow (dominant) oscillation:
0.8 given by Amz212
0.6 | . I
- fast (sub-dominant) oscillation:
0.4} ‘_’e 1 given by Am243(~ AmZ223)
L l
02 [ _‘l \ . . .
____JT ~ factor 32 in oscillation speed

0.0

1 10 100
Distance (km)

lllustrated for mono-energetic anti-electron neutrinos with E = 4 MeV
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Measuring O13
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The Daya Bay Experiment

<3 526mfrom Llng Ao.ll:'
¥ 112m overburden

3 Undérgrou;i
Experimental Halls

2 Ling Ao Il Cores

ing Ao | Cores

Daya Bay Near -Hall

363 m from Daya Bay FEEEA
98 m overburden . j m 17.4 GWy, power

m 8 operating detectors

m 160 t total target mass

Daya Bay Cores
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* Liquid scintillator detectors (20t)

e Gd doped to improve neutron
capture for secondary signal

e \Water-based veto
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Daya Bay Oscillation Signal

- hypothetical signal with

: monoenergetic neutrinos
ok \N ‘ expected signal taking
z | C V) energy spectrum into
S08 | ‘
S| account
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Daya Bay Result

e Measure S|n22613 and |Am2ee| to 3 4% and 2 8% respectlvely effective mass

“ % & splitting
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: The statistical uncertainty
2
results with sin” 26, = 0.0856 £0.0029 contributes about 60%

—
1958 days 2 3 ) (50%) of the total 813
| Amee |: (2.52 i 0.07) X 10 CV (AmZee) uncertainty_

Daya Bay is not alone: Other expenments Double Chooz (France) RENO (Korea)
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| ] No background
- With background
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* JUNO: Measure the mass ordering of neutrinos
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Neutrinos at Accelerators

* Neutrino production:

* Analogous to air showers: hadronic showers on impact of highly energetic
protons on production target

* Production of pions, kaons that decay in a decay tunnel:
T, K — u +y,

* Tunnel not long enough for substantial decay of muons: Essentially pure v, beam

* There have been many different experiments with accelerator neutrinos
e Study of the weak interaction
* Measurement of the quark composition of nuclei
* Discovery of the v¢
e Confirmation of atmospheric measurements
e Evidence for non-zero 013

e First hints for CP violation
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Making A Neutrino Beam

—_— ==

Near Detectors Beam Dump Decay Volume Target Station
a
— !\-—~/:3 H?f?gak_ protons Beam! ine
— L ! pr— e ~~—_

— L 1 Ny

N
Target
: plons Focus positive or accelerator
Muon Monitor S G P

<«— neutrinos
vbeam: 2> ut +v,

vbeam: ™ 2 p +v,

* Pions focused by specialized magnet
systems:
“Neutrino Horns”
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Long Baseline Experiments

= = o S — = == it — _—— e e e

* Neutrino beam produced with accelerator
* Reference measurement with a “Near Detector”
e Detection of neutrinos in a “Far Detector”

» Choice of distance and energy depends the region of the mixing matrix that
can be probed

The composition of the beam changes from source to detector
From a pure v, beam to a mixture of v, vr and a few ve (813 # 0)

VI THE PHYSICS OF mmvos | 1+ A beam of protons strikes a target, 2, The MINGS “near” detector measures the rate, 3. Assuming that the neutrino osclllation leagth is great, 4. The MIKROS “far” detector is located 735 Kilometers
creating a beam of pions and kaons, energy spectrum and flaver compaosition of muon neutrines will not escillate significantly until they from Fermilab, in Soudan, Minnesota. The neutrino
which decay into a beam of muon the NuMI neutrino beam immediately after travel well beyond the Fermilab site. In this example, beam diverges and becomes less intense as it travels
neutrings (v, . The dots in the drcle the neutrines are precduced and before any a fraction of the mucn neutring beam has transformed away from the source. Howewer, the long distance
represent the propertion of muon ascillations can take place. nto tau neutrinos (brown). If the oscillation potential from the source allows the mueon neutrinas more
neutrinos (gray) that csallate into tau 5 great, this fraction vall be significant. Note that very length to transform into tau neutrinos, though not
(brown) and electron (black) neutrinos few muon neutrines have oswcillated into electran encugh distance to transform inte a significant

neutrinos (black), because the escillation potental number of electron neutrines
is small, or the escillation length is very great

muon neutrino w‘.ll

® tau neutring (v, The MINOS = The MINOS
® clectron neutrino (v, "near" detector 4 e “far" detector

Distances not 1o scale
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T2K Neutrlno Beam to SuperK

* Goal: precise measurement of atmosph. oscillation, 813, possible CP violation

* Runs since 2010 (with 1 year down time
due to Tohoku Earthquake)

Super-KAMIOKANDE

BE Oscillation Prob.@ |
Near Detector S B | AL N A@m~f3x10t3eV% ]
:4 . . . f

T2K is an “off-axis”- Beam: Aims not directly at the
far detector -results in sharper energy distribution

At T2K: optimal energy 0.6 GeV Far Detector
(SuperK)
V -
target/ M __---

, Horn — ::S_—e

L . = e
ﬁ— — — — — — — — — — o_r‘_;xis .' Gev
proton

Decoy VO'U me Ken Sakashita, KEK Seminar
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T2K - The Choice of t

* Almost complete disappearance of vy:

% _ Clear observation of disappearance
— -
o s ——— MC Unoscillated Spectrum
""EE =
e 40 — MC Best Fit Spect .
§ ol R Also optimal for a
i - - NC MC Prediction measurement of 613!

20

A ¥
0 2 4 >0

Reconstructed v Energy (GeV)

Bemm—— " === == e e
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Atmospheric & Accelerators: The Global Picture

* Super-K atmospheric compared to accelerator long baseline:
all fits together, accelerators give the most precise results by now

T.-;_"“\ -I- ' T 11 T T 1 I'T T ' T T ' T 171 I T 11 ' T 11 T 11 -|—
= [ _
T 320 -
S T SK joint OA i
ws 30 -
= B i
<] B i
2.8— T2K joint OA ]
2.6— —
24— —
2.2~ MINOS joint Q2 -
il Normal hierarchy  _
| L1 1 1 | L1 1 1 | 11 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 |
0.3 0.35 04 045 0.5 0.55 0.6 0.65 0.7
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CNGS / OPERA - Confirmation

* One of the goals: Direct observation of oscillations of v, to vr in a vy Long
Baseline Beam (CERN — Gran Sasso)

// -
g —/

* Magnetic spectrometer for
track and energy
reconstruction, in between
blocks of photo emulsion for
precise reconstruction of
tracks at the interaction vertex

* |f an interesting event is
observed in the
spectrometer, the
corresponding block is
extracted and examined

i

////// / / f /. 11'1“1’?-';‘
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| In total 4

| additional vz

' have been
observed -

“5 -sigma

| discovery”:

matches

daughter

| expectations |

1000 um

|
|

vr produces T, fast decay into py and vs
< Proof, that the atmospheric oscillation is vy = vr
OPERA Press Release, 31.05.2010
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Measuring 613 at Accelerators

* 013 describes v1 - vz oscillations: Squared mass differences (almost) as in the
atmospheric case, but transitions involving ve (large ve component in v1!)

e With a v, beam, 613 is accessible through the subdominant oscillation from
vy to ve (the dominant oscillation is vy to v4)

Oscillation probability: P (v, < ve)

Strongly suppressed
compared to

vy — vz oscillations: Looking
for small effects!

length scale depends on v energy

here: shown for the NOvA
experiment at FNAL

Important: Energy matched to baseline

Narrow energy distribution
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T2K - Oscillation Results

* Observation of v, = ve oscillations : |
11 events (3.2 o that 613 is not 0)

- e ——— RUNI1-3 data

i (3.010x10°°POT)

6 B Osc.v,CC
v+, CC Super-Kamiokan

[ v+¥, CC

- B NC

(MC w/ sin28 ,=0.1)

Number of events

0 1000 2000 3000

Reconstructed v energy (MeV)

T2K was first - but best results currently from Daya Bay (see above)
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Searchlng for CP V|olat|on |n the V - Sector

e CP Violation: A difference between matter and antimatter

* |In the SM: Generated by the complex phase in the mixing matrix (Quarks, vs),
ifo6=#0

 Shows up in differences in oscillation behavior between neutrinos and anti-
neutrinos!

-
Pv, = v.) ~ [sin2 2013 X sin® fa3 X

N
sin?[(1 — z)A]] Phys. Rev. D64 (2001) 053003
(1 —x)? ) Leadingterm

sin|rA] sin[(1 — x)A]

CP violating @a(sin 5CP)>< SiIl2 2015 sin 2913 sin 2923 X sin A

“+” for antineutrino Af’f (1—-2)
. -
CP conserving alcos 6cp)x sin 2615 sin 2013 sin 2653 X cos Asm[a: | sin [((1 :1:)) |
x — T
2 2\/(2GpN.E ~_ Am3 1 Am3 L
—|—O(C¥ ) e AmZ, oz—\Am%l\ 20 A = T
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First Results from T2K - 2016

Reconstructed neutrino ene

> 6F U . .
8 5:_ > 3. 5;_ Unoscillated prediction
L ‘i 3E — Best-fit spectrum
S 4 s
240 2 2.5 Data
s | 1] =,
H g il d__l__l_L H 1 F r—l—l_'_‘
2 __ J:J _|_ A B I | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
E L i 14~ Allowed 90% CL -
- Jij ] ~ - — Normal Ordering ]
s L iy L | 12 - —
O() ()[2 ()[4 ()[6 ()[8 - Inverted Ordering _

* Running both with neutrinos
and anti-neutrinos:
Observed less anti-ve than

expected in any scenario:
hints at maximal CP

0) 1 2 3
Ocp (radians)

violation

o
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T2K - Hot off the Press Update

—_— = —

F&C 20 confidence intervals  T2K Run1-9¢ Preliminary
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* Significance pointing
towards CP violation
firm up - strong
dependence on
mass ordering
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* The “next big thing” in neutrino physics - with future experiments to make

definitive measurements
6CP Resolution

DUNE Sensitivity (Staged)
Normal Ordering

sin®29., = 0.085 = 0.003
sin’0,, = 0.441 = 0.042

- S¢p = -n/2
- 5cp=0

Nominal Analysis

<€

South Dakota

Sanford
Underground
Research g
Facility o

------- 0,, & 0,, unconstrained

15

-
(=)

* DUNE at Fermilab - to start taking data in

* x4 higher mean energy than T2K: longe S

d.p Resolution (degrees)
N
o
llllIIlllllllllllllllllllllllllllllllll

* Also in discussion T2HK: Much larger wat T T T T

from Tokai, same baseline as T2K Years

. ——— — = = —-
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Neutrinos are still mysterious

* The standard three-flavor neutrino picture is by now quite well understood

* Missing: mass ordering, CP phase 6

e There are intriguing puzzles both in reactor and accelerator-based
experiments:

» “Reactor Anomaly”: Deficit of electron anti-neutrinos already at very short
baselines - Oscillations or problems in the reactor modeling?

0.020

* Possible indications for very short
baseline oscillations of muon neutrinos
(LSND, MiniBooNE)

best fit N
v mode: 12.84 x 10 POT
7 mode: 11.27 x 10 POT
LSND )

0.015 |

HH > HeH ‘

0.010 -

| | ' § MiniBooNE
Hints for sterile neutrinos? S 0.0s| %/T MinibooNE
Future experiments will (hopefully) tell... o0 :
_O.OO%.0 0i5 1f0 1i5 zfo

L/E [meters/MeV]
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Now History: Neutrino Speed

* Measurement of the neutrino flight time - Synchronisation of clocks at
CERN and Opera via GPS

Monte-Maggiorasca

Monte-Prato
Monte-Giovo

’{
‘ Toscana

Alessandria
Emilia-Romagna

Piemonte

VIC I"lte-EthUS
ratc ry of Gran Sasso

11.4km

Y _732km__
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First Attempt - Spectacular Result

* September 2011: Opera observes, that the neutrinos are 60 ns too fast (with
an uncertainties of 10 ns).

Technique: “edges” of the neutrino distribution in Opera, relative to the
proton pulse -at CERN - statistical method, possible uncertainties from

beam focusing (time structure of the neutrino pulse)
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* New measurements with pulsed beam, beam pulses 3 ns FWHM - direct
measurement of flight time!
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... but N.B.: There are corrections of 40 ys for signal running times in the
electronics!
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The Resolution

* As most had expected - It was a
measurement error: An optical
fiber of the timing system was not
correctly plugged in - Resulted Iin
a slower signal rise on the
corresponding photo diode, the
clock is a bit later due to later
passing of threshold,
voila...

Now: The time of
ﬂlght iS bang On, FC connector plugged in a "70 ns delay position" Yellow : HERTZ

Blue : Amplifier out
within a few ns!

Purple : MC PPmS

B S ——

- - —
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Neutrinos from Cosmic Sources
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e

Cosmic Neutrinos

Few events:
 Huge detectors required
e Very good shielding: The full earth

» does not work for the highest energies: neutrino cross section rises with
energy, above ~100 TeV neutrinos are absorbed by earth
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Supernova Neutrinos

* Neutrinos from the core collapse of a star - Production of all neutrino flavors

Formation of a neutron star:

A+e — A + v,

Thermal production of electron - positron pairs in the accretion disc, followed
by neutrino production (all flavors)

v+ —et + e et + e v+

Neutrinos are initially the first particles that can leave the explosion zone, all

others are absorbed in the extremely dense, collapsing material: The neutrino

signal reaches Earth before the optical signal!

» A large fraction of the gravitational energy of the star is emitted in the form
of neutrinos, the typical energies are in the few 10 MeV range
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Supernova SN1 987a
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Kamiokande Signal
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Cosmic Neutrinos: Expectations
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cosmogenic neutrinos:
Produced in decays of
pions from GZK events:
Could give hints on
sources and production

mechanisms of highest-

energy cosmic rays

In principle a
“guaranteed discovery’
with enough sensitivity

)
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Detectors for Neutrino Astronomy

* Different detection techniques, depend on energy and sensitivity

* Energies in the TeV - PeV range:

* Cherenkov detectors: large signal, relatively low energy threshold, requires a high
sensor density due to light absorption

« Amanda/lceCube: Antarctic ice as Cherenkov medium

o Antares/Baikal/KM3NeT: Deep sea (or lake) - water as Cherenkov medium

* Energies above 1017 - 1019 eV
« Optical detection of neutrino-induced air showers: Auger, EUSO, ...
e Acoustic detection of neutrino-induced showers in water, ice, salt:
e Sound waves through heating of the material
* Cherenkov radio waves from electromagnetic showers induced by ve
* high range, sufficient signal for extreme energies

o First tests with RICE in Antarctic ice, now preparing ARIANNA for higher
sensitivity
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deep off
the
southern
coast of
France

(Toulon,

between
Marselille
and Saint

Frangois Montanet
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Amanda/lceCube: Neutrinos at the South Pole

Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern:
SS 2018, 13: Neutrinos




* Detectors for Cherenkov light:
DOM (Digital-Optical Module)

* Total: 80 strings with 60 DOMs each

Bemm—— " === e s e e
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* Arrival time of light at individual
detectors allows the
determination of the muon
direction and with that the
direction of the neutrino

S S — e ——— . = e g —— = —
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* |ceCube has observed two events:

"Ernie"

©2013 Sesame Workshop

[.1420.1/ PeV 1.0420.16 PeV

(visible energy in the detector, neutrino energy higher)

e Both events are “down-going” (as expected)

* Requires specialized event selection to exclude atmospheric neutrinos
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Neutrinos at Highest Energies
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Summary

* Neutrino experiments using reactor and accelerator neutrinos have
e confirmed the observations with solar and atmospheric neutrinos with high precision
 made a precise measurement of the third mixing angle ©13
» provided first indications for a non-zero CP violating phase
 Upcoming experiments will
e determine the neutrino mass ordering (JUNO + DUNE)

e discover and measure CP violation in the neutrino sector if it exists (DUNE, HyperK)

e Cosmic neutrinos have been observed
e from the core-colapse supernova SN1987A
* PeV neutrinos from so-far unknown (but extraterrestrial) origin

* Watch out for an announcement by ICECUBE on Thursday - multi-messenger
neutrino astronomy

Thanks for attending the lecture - and have a great Summer!
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Lecture Overview

09.04. EinfUhrung / Introduction

16.04. Ground-based Accelerators

23.04. Cosmic Accelerators

30.04. Detectors in Astroparticle Physics

07.05. The Standard Model

14.05. QCD and Jets at ete- Colliders

21.05. Holiday - No Lecture

28.05. Precision Experiments with low-energy accelerators
04.06. Dark Matter & Dark Energy

11.06. Cosmic Rays |

18.06. Cosmic Rays

25.06. Gravitational Waves, Neutrino Introduction
02.07. Neutrinos |

09.07. Neutrinos |l
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