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Overview

* Neutrino Oscillation Recap

* Neutrino Experiments & Sources

Reactor Experiments

e Accelerator Experiments

e Bonus Feature: Faster than light neutrinos?
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Neutrino Oscillation Intro / Recap
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* Neutrinos have to have mass to be able to oscillate!

 Mass eigenstates are not the same as flavor eigenstates

* Example: A world with two neutrino types:

* The eigenstates of the weak interaction v, und ve are not

identical to the mass eigenstates vi und vz

Vel cosf  sin6 2
v,)  \—sinf cosb Vo

* The eigenstates of the weak interaction v, und ve (which we can observe

and identify) are mixes of the mass eigenstates:
lv,) = —sinb |v1) + cosl |va)

cost |v1) + sinf |vs)
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* The time evolution in vacuum is given by the mass eigenstates (Schrodinger EQ):

v, (1)) = —sind (Jv1) e ") + cosh (|vg) e F21)
2 2
m“ M=
E; = \/ 2 2~ - =~ K -
p° + m;: p + 2 + Y5

» If the two mass eigenstates have different masses the relative composition
changes over time, a v, can transform into a ve!

» The oscillation property is:

Py —ve) = | (velvu(t)) |2

» The transition probability as a function of distance and neutrino energy is:

Am?L Am? L/m

Py, < v,) = sin®20 sin’ ( ) = s5in*20 sin” (1.27 V2 E/McV
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* Neutrino oscillations as a function of distance

Am? = 0.005eV*? | sin?20 = 1, E = 1GeV
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|< Diameter of Earth )'
Plv,—Vv,) = 1-sin“28sin’(1.27Am°L/E)
Neutrinos that travel Neutrinos that travel
short distances keep their long distances have roughly 50%
:}1 original flavor chance to have changed flavors
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Neutrlno Osculatlons Mlxmg Angle

* The influence of the mixing angle:

1 2 3 two classes of
1.0 i ( 1) : Er B measurements:
a sin/26
- disappearance
P(Va—=vy) <
0.5 p(w—=vp) Losc % 1/8m’ —
* ~ appearance
e G Sl
0 (1) 1 i : ’6_Am L
0 2n 41 6en g .

» The mixing angle determines the amplitude (the maximum level of
transformation), the mass difference determines the speed of the
oscillation

% Particle Phys:cs with Accelerators and Natural Sources:
A8y

SS 2019, 08: Neutrino Oscillations with Manmade Sources Frank Simon (fsimon@mpp.mpg.de) 7



* Described by a 3 x 3 matrix (Pontecorvo-Maki-Nakagawa-Sakata-Matrix
PMNS):

e 3 angels and one CP violating phase

* analogous to the CKM matrix in the quark case
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* Electron neutrinos have additional reaction possibilities in matter:

Ap-Byz4t

VX VX

Elastic forward scattering -
introduces a change in effective
mass (energy dependent!), and thus
changed oscillation patterns -
electron neutrinos further
suppressed by interaction in matter
in the sun: MSW (Mikheyey,
Smirnov, Wolfenstein) effect
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* 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 v+1 - v2 oscillations, v1 has to have a big ve

component
» In atmospheric oscillations, we observe v2 - vz, with maximal mixing: vsis (almost) a
50-50 mixture of vr and v,

— —
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Am2so ~ 7.6 X 105 eV2
Am2am ~ 2.4 x 103 eV2

One neutrino has to
have a mass of at least
~ 0.05 eV!

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

* Absolute masses and hierarchy not known yet! Two possible arrangements...
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Neutrino Experiments & Sources - Overview

% Particle Physics with Accelerators and Natural Sources:
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Neutrlno Detectlon Interactlon Ba3|cs

 Neutral current

In general neutrmo Cross sectlons are

proportlonal to the neutrlno energy'
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Neutrlno Detectors Example SuperKamlokande

* Neutrinos produce their corresponding leptons via charged current interaction

nucleus
V /

hadrons

e High energy threshold for T - production due to high mass (1.777 GeV), thus only
detection of electrons and muons

* Production of Cherenkov light of charged leptons in water
(index of refraction 1.33)
e Detection of Cherenkov light:
e Light distribution enables particle identification (u or €)

 Amount of light enables measurement of track length, with that also energy and
direction determination of the original neutrino

% Particle Physics with Accelerators and Natural Sources:
A8y
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eutrino Detectors: Example SuperKamiokande
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Neutrlno Detectors Example SuperKamlokande
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SuperKamiokande Measurements

Super-Kamiokande

Run 4234 Event 367257
97-06-16:23:32:58

Inner: 1904 hits, 5179 pE
outer: 5 hits, 6 pE {in-time)
Trigger ID: 0x07

D wall: 885.0 cm

FC mu-like, p = 766.0 MeV/c
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SuperKamiokande Measurements

Super-Kamiokande

Run 4268 Event 7899421
97-06-23:03:15:57

Inner: 2652 hits, 5741 pE

outer: 3 hits, 2 pE {in-time)
Trigger ID: O0x07

D wall: S06.0 cm

FC e-like, p = 6£21.9 Mev/c

Residi{ns)
- > 13

120~ 137

ELECTRON
MEUTRINO
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Manmade Neutrino Sources & Experiments

* Two main sources for neutrinos used for oscillation experiments:

nuclear power reactors high energy accelerators
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Fermilab Main Injector produces neutrinos for the MINOS and NOvVA experiments
Fermilab

. Measurement strategy: Measure neutrino flux (possibly flavor - separated) at a
certain distance from the source - ideally at a “near” and “far” location to
observe oscillation pattern

__ _ = =
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Reactor Experiments

———— =
e .
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Reactor Neutrinos
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http://nobelprize.org
http://wikipedia.org

KamLAND: Using Reactors to prove

Solar Oscillations

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

55%oftotal | & / |
flux from: | B o N, | KamLAND uses
e ' the entire Japanese

N nuclear power

industry as a 180 GW

“"long-baseline source!

‘ , 38'N
< | Fukushima Dgllchl
P Fukushima Daini

36°'N

Al

Hiroshi;

130°E 132°E 134°E 136°E 138°E 140°E

o
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Calibration Device\ _
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* Neutrino detection in KamLAND (and other reactor experiments):

T/e+p—>n+e+

B At ~210 us il

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

* Delayed signal: Photon from neutron capture

— 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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* Observed clear oscillation signal

Events per 0.425 MeV Efficiency (%)

100 g =
e P
80 i / w== Selection efficiency
60 E i, 1
WE i e i s
- O : —— KamLAND data =
o50 i i 0 No oscillation 5 08
- ‘ : -+ Best-fit osci. 2
E : mm Accidental o
200 TR 3C(«,n)"®0 a 06
E :b-‘ﬂ*ﬁ—‘j i 77 Bestfit Geo ¥, §
150 : = Best-fit osci. + BG =
© e LL: .. +DbestfitGeo7, g 0.4
: ' Qovore ey H U)
100 ] osony
: : 0.2
50
ot 0

0 1 2 3 4 5 6 7 8
Prompt energy (MeV)

KamLAND: Proving Solar Oscillations

e Data-BG-Geov,

- Expectation based on osci. parameters

S * determined by KamLAND

5 = U8

sr i -
20 30 40 50 60 70 80 90 100

-1
Ly/E;, (km MeV™)

e Consistent with large mixing angle solution for solar observations

together with SNO:
tan? 0, = 0.47 700 (34.4 degrees)

__ ES— pE— =S =
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Gomg beyond the Ieadlng Oscnlatlon -

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

) y . Ly @
hmphttle. g v amphlecke. given by 8,
'ﬂm‘f":’;? (v by Oy and SV
/ 13 '%WM? ﬂl'*w(
l ‘_‘ / 5)’ b?r'"_ 1'
1.0
slow (dominant) oscillation:
§ 0.8} given by Am?212
©
© 0.6 . I
= = fast (sub-dominant) oscillation:
> 0.4} ‘_’e 1 given by Am243(~ AmZ223)
E vu
LL 02 [ o \ 1 . . .
N ~ 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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The Daya Bay Experlment

<3 526mfrom l.lng Ao II.‘
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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

Particle Physics with Accelerators and Natural Sources: _ ]
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The Daya Bay Oscillation Signal
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energy spectrum into
account

no_osc

Robs / Rpred
o
O
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0.95 1
0.94{ — Best fit oscillations
- No oscillations
0.93 1 ¢ EHL
}  EH2
$ EH3
0.92

Rate-only

Xx2/ndf=8.8/6
(p-value=0.179)
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The Daya Bay Result

. Measure S|n22613 and |Am2ee| to 3. 4% and 2 8% respectlvely efective mass

° & splitting

1.267Am’
P(v, —>7V,)=1-sin’26,;sin’ Emee —solar term

Ay?
2 4 6 8 10
|||||||||||||||||||

— Best-Fit
— W/O oscillations

& f + EH1
= o6l
© 26¢ Y EH2
> $ EH3
22.5:
c"E824:
g2

ro
W
T T T[T 11T

f

0 100 200 300 400 500 600 700 800 900
I—eff/ Ev (m/MeV)

n
N
T 1

1 IO.07I 1 1 I0.08.I 2I 1 Io.ogl 1 1 1 0.1 1 1
sin“(20,,)

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

A
1958 days 2 3 ) (50%) of the total 813
| Amee |: (2-52 T 0-07) X107 eV (Am2e¢e) uncertainty.

Daya Bay is not aIcne Other expenments Double Chocz (France) RENO (Korea)
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periments
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The Next Generation of Reactor Ex

| ] No background
- With background

—
N

o

o
Illl

® Guangzhou

Events per 36 keV

@ .
Daya bay NPP

2 3 4 5 6 7 8 9
Anti-neutrino energy (MeV)

JUNO Q ® Hong kong
RN ® Macau

/ N
d Taishan NPP

o |
Yangjiang NPP _ 0 10 20 30 40 50 km

* JUNO: Measure the mass ordering of neutrinos
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Accelerator Experiments
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* 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,

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

* There have been many different experiments with accelerator neutrinos

Ap-Byz4t

Study of the weak interaction

Measurement of the quark composition of nuclei
Discovery of the v:

Confirmation of atmospheric measurements
Evidence for non-zero 613

First hints for CP violation

Particle Physics with Accelerators and Natural Sources:
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Making a Neutrino Beam

Near Detectors Beam Dump Decay Volume Target Station
- O 3 Horns protons .
— S ~ Beaml ine
== ! i — iE < ——
\
Target
- prons Focus positive or accelerator
Muon Monitor ~<— muons PosI
< neutrinos Nesgative pions

vbeam: 2> ut +v,

vbeam: ™ 2 p +v,

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

Particle Physics with Accelerators and Natural Sources:
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Long Baseline Experiments

* 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 MINOS 1. A beam of protons strikes a target, 2, The MINGS “near” detector measures the rate 3. Assuming that the neutring oscillation length is greae, 4. The MIROS “far” detector is located 735 Kilometers
creating a beam of pions and kaons, energy spectrum and flaver compaesition of muon neutrines will not axillate significantly until they from Fermilab, in Soudan, Minnesota. The neutrino
which decay into a beam of muon the Nulil neutrino beam immediately after travel well beyond the Fermilab site. In this example, beam diverges and becomes less intense as it travels
neutrinos (v, . The dots in the drcle the neutrines are precduced and before any a fraction of the mucn neutrine beam has transformed away from the source. However, the long distance
represent the proportion of muaon ascillations can take place. into tau neutrinos (brown). If the oscillation potential from the source allows the mueon neutrings maore
neutrinos (grey) that oillate into tau s great, this fraction vall be significant. Note that very ength to transform into tau neutrinos, though not
(braown) and electran (hlack) neutrinos fews muon neutrines have oscillated into electron enough distance to transform inte a significant

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

The MINOS s The MINOS
"near” detector : b - “far" detector

Distances not 1o scale

SS 2019, 08: Neutrino Oscillations with Manmade Sources Frank Simon (fsimon@mpp.mpg.de) 35



T2K: Neutrino 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
//h. B
/ - Near Detector
) 4 ., " - N\
wal=/ I /\\ -v—‘”\/& - . Purev, beam™\
Nyt water oqu. g e L \
€O ¢ 1.000m

295 km

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
(Super-K)

e ——————— —

— - — e = - ==
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* Almost complete disappearance of vy:

%  Clear observation of disappearance
O : —
Data

60 —
= i
S - ——— MC Unoscillated Spectrum
~ =
)
b= 40 — MC Best Fit Spectrum .
§ § ’ Also optimal for a
aa : NC MC Prediction measurement of 013!

0 0 1 >S5
Reconstructed v Energy (GeV)

=> Observations fit very well with measurements of atmospheric neutrinos
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CNGS / Opera Conflrmatlon of Vi => Ve Oscnlatlon

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

e

* 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

// //// 111/
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CNGS / Opera: Confirmatio

_— =

| In total 4

| additional v:

' 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 Pr
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* 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)

. . , Am3, L
Oscillation probability: P(v, <> ve) = 5in?2013 sin°fas sin? ( 4&3 )
Strongly suppressed —— 7 K. Arms, CIPANP2009
compared to ”""”‘:__ " v /
vy — vroscillations: Looking | / |

S
S
for small effects! = L [ | v /-

length scale depends on v energy 509, — .
here: shown for the NOvA - -
experiment at FNAL | |
Important: Energy matched to baseline
Narrow energy distribution

% 1000 2000 3000

L (Kkm)

% Particle Physics with Accelerators and Natural Sources:
Ap-Byz4t
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* Observation of vy, = ve oscillations :

Number of events

Ap-Byz4t

- e —— RUNI1-3 data
i (3.010x10°°POT)

6 B Osc.v,CC

v, +v,CC

[ vV, CC

- B NC

(MC w/ sin28 ,=0.1)

0 1000 2000 3000

Reconstructed v energy (MeV)

- = ———— = =
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Searchmg 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!

-

———————————— —_— - — -

Y

Pv, = v.) ~ [Sin2 2013 X sin® fa3 X

sin?[(1 — x)A]J
(1—x)°

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

.
Phys. Rev. D64 (2001) 053003

Leading term

sin|rA] sin[(1 — x)A]

“+” for antineutrino Aﬂ? (1—-2)
. -
CP conserving alcos 6cp)x sin 2615 sin 2013 sin 2053 X COSAsm[le | sin [((1 :13)) |
X — T
O( o _2y/(2)GpN.E ~_ Amj 1 _ Am3|L
+ (Oé ) T = Am§1 ‘Amgl‘ A T
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First Hints for CPV: T2K 2016

— e e

Events/0.5 GeV
N S S N SN Y e

L o

—

—I_L

(oY)

(\O)

P oy

— Unoscillated prediction

— Best-fit spectrum

Data

1 Events/0.5 GeV

4

S
3

S
2
|

- =

Allowed 90% CL

—

— Normal Ordering

rosh

-)

elalot L0 v b by
2 04 06 08
Reconstructed neutrino ene

Running both with neutrinos
and anti-neutrinos:
Observed less anti-ve than
expected in any scenario:
hints at maximal CP
violation

Inverted Ordering

Particle Physics with Accelerators and Natural Sources:
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T2K - More Data

|

T I T |l T T ] T T T T I

|

35— ]
= — Normal = C g C
S0 : d 1 ¢ Significance pointing
- — Inverte . _ ,
25F — towards CP violation
@ - ] firm up - stron
c 20: —: p 9
i o . dependence on
| & - mass ordering
10 =
55\j — 1 E
0: __/ L | | P l:
-3 -2 -1 0 1 2 3
6CP

 Normal Hierarchy preferred » Best fit: d.p = -1.885 for NH,
(posterior probability: 89%) -1.382 for IH

« +10 range: [-2.460, -1.187] for NH,

 CP-conserving values excluded at
J [-1.930, -0.907] for IH

20 level

— P — — e ——————— =
— = e e s

% Particle Physics with Accelerators and Natural Sources:
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Future Measurements of CP Violation

* 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

-z"cp="‘/2
-z"cp=0

Nominal Analysis

<€

South Dakota

Sanford
Underground
Research —
Facility i

------- 0,, & 6,, unconstrained

15

...............
spnupastsl
.......
[

—
(=)

* DUNE at Fermilab - to start taking data in

* x4 higher mean energy than T2K: longe S

d.p Resolution (degrees)
N
o
llllIllllllllllllllllllllllllllllllllll

* Also in discussion T2HK: Much larger wat s e e

from Tokai, same baseline as T2K Years

S _ = = S —— e ——
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Ap-Byz4t

Bonus Feature: Faster than light Neutrinos?

... If you are interested and have time.
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Now History: Neutrino Speed

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

Emilia-Romagna
Monte-Maggiorasca

Piemonte
Alessandria
Monte-Prato
Monte-Giovo

E
E
W
=

| :fr- ry of Gran Sasso

11.4km

Y _732km__
~ neutrino beam ——>»
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* 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)

2160
c

Z140F

120
100

80

Ap-Dyzt

60
40
20

o)

L T P
0 5000 10000

e

b—

-t o
0 ®

® .

dt(ns)
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The Conflrmatlon

* New measurements with pulsed beam, beam pulses 3 ns FWHM - direct

measurement of flight time!

| | 1

—

c L : H : : _
3 L —
>10 — ]
e _ .
s = 524 ns | .
-14 :_ ‘...........--)..,.... —
-16 — -
-18 — ' -
-20 - i —]
2 e e
-26 it ufnvwl'#ﬁ,lwum#hLm-,.l.wé.w"wm»%% L imwmm
I | 1 L 1 1 l 1 1 1 l 1 1 1 l 1 1 L 1 l 1 l

6000 6500 7000 7500 8000
[ns]

Ar—dy)%f

Confirms original results: beam
structure as cause excluded

Uncertainty now only 4 ns (for a
“signal” of 60 ns)

. but N.B.: There are corrections of 40 ps 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 in 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

ﬂ |g h't iS bang on FC connector plugged in a "70 ns delay position® Yellow : HERTZ
) Blue : Amplifier out
Wlthln a feW nS' Purple : MC PPmS
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* confirmed the observations with solar and atmospheric neutrinos with high
precision

 made a precise measurement of the third mixing angle @13

e provided first indications for a non-zero CP violating phase

e Upcoming experiments will

Ap-Byz4t

* determine the neutrino mass ordering (JUNO + DUNE)

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

Next Lecture: 01.07., "Precision Experiments with low-energy
accelerators”, F. Simon

- — — —————— —— e
== = e e s — = .
- = = S =
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Lecture Overview

29.04. Introduction & Recap: Particle Physics & Experiments F. Simon
06.05. Dark Matter axions and ALPs: Where do they come from? B. Majorovits
13.05. Axions and ALPs detection B. Majorovits
20.05. Dark Matter WIMPs - origin and searches B. Majorovits
27.05. Precision Tests of the Standard Model F. Simon
03.06. Neutrinos: Freeze out, cosmological implications, structure formation B. Majorovits
Pentecost
17.06. Natural Neutrino Sources: What can we learn from them? B. Majorovits
24.00. Neutrino Oscillations with Manmade Sources F. Simon
01.07. Precision Experiments with low-energy accelerators F. Simon
08.07. Neutrinoless Double Beta Decay B. Majorovits
15.07. Gravitational Waves F. Simon
22.07. Physics with Flavor: Top and Bottom F. Simon
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