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my personal neutrinexperience
(Someexperimentsl participated

PERA — Experiment (2008-2012)
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Todays Topics:
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SomeBasic Facts on Neutrinos
BasidOscillationMechanism
ThePioneers& Discovery

Why Matter matters, evenfor Neutrinos
Thethird Mixing Angle; towardsPrecision
Into the Unknown

Summary and Outlook



Neutrino Basics
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Neutrinos in the Standard Model

(\;%> (\%) V. 3 active

(§> (E > (ZZ)/ \ w)\e /o Newfrnos
Quackes Lot

Neutrinosinteractonly viaweak interaction

SM: Neutrinosare massless
Neutrinosare left handed

Antineutrinosareright handed Extensionof SM: Neutrinoshave masses

Neutrinosare stable Doright handedneutrinosexist?
Majorananeutrinos Y = VvV 2

Neutrinoscandecay
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Neutrino Oscillations




Why are neutrino masses so much smaller?

Cosmological QCD electroweak GUT Planck
constant scale scale scale mass
Why? l l

10 2GeV 107° 1075 107! 10’ 10" 10" 10"

KATRINmM < 0.45 eV
Neutrino Oscillations m(heaviestneutrino) > 0.05 eV
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FlavorEigenstates

Neutrino Mixing

The TRON-

MassEigenstates

TAU-NEUTRINO
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Neutrino Massand Mixing
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9 complexelements
Y Y Y + conditionsfor unitarity of U
Y Y Y Y +if neutrinosare Dirac:canrotate away?2 globalphases
YOy Y

~ ~ ~
€ € €

4 parametersto describeU (Diraccasg

Most popular parametrizationt 3mixingangles' ;,, " 15, ,3and 1phasel
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Whatist K

Massordering?
Octantproblent Is® ,;< 45 or> 457
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Basic Oscillation
Mechanism

UH

L2 Universitdit Hamburg
DER FORSCHUNG | DER LEHRE | DER BILDUNG




Neutrino Oscillations (simplified)
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Foro £ M

Flavor Eigenstates
Vi, V

Mass Eigenstates
Vo,V With m,, m,

Source produces
FlavorEigenstates

Propagation in vacuum:

MassEigenstates

W23:E23:\/p2+m§3

‘/7

n,

n) =Y2(n,) +[ng))
)=YV2( |n,) +|ny))

Detection process:
FlavorEigenstates

p.N hadrons




Neutrino Oscillations(2 Flavorg

] Dz (inev?)A(nkm)a  P@,- n,)=1- P(n,- n,)
P(n, - n,)=sin(2g,,)Gin’g % 267 £in GeV) 8

—

probability

Example
forpnm?=2.5 e\

andE, = 1GeVwe get
l,sc= 1000km

%
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distance from source L/lose
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Theoretical Prediction of Neutrino Oscillations:

BrunoPontecorvo
(1913¢ 1993)
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A 195758: Pontecorva
states for first time possibility dfileutrino Oscillations
(But: at that time only, were known, so he was thinking

of NeutrinoT Anti-Neutrino oscillations)
B.PontecorvoJ.ExptlTheoret Phys.34(1958) 24B¢v Phys. JETP7(1958) 172]

Bilenky

 Pontecorvo

A 1962Maki, Nakagawa, Sakata: a 19282020
describemixing of 2 flavorsand discuss , 4
transitions between neutrino flavors.

A 1967Pontecorvo :
thorough discussion of 2 flavor mixing,
oscillations of solameutrinos
and possible existence of sterile neutrinos.
Also possibility of €EArexperiments

Very niceoverviewon history.

SamoilM. Bilenkya b S dzibs¢illagioRs brief history and presentstatusi
arXiv:1408.2864v1hgp-ph] 12 Aug 2014
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: -
\ved cold-war science mysterie

One of last great unso

& * .PL

Cold War Defection an Chicago (2012)

niv. of Chic o Press,
Univ. of Chicag Die Affare Pontecorvo - A LF- L IFE

THE DIVIDED LIFE OF
Die ungewdhnliche Karriere des italienischen Kernphysiker BRUNO PONTECORVO,

Simone Turchetti PHYSICIST
® OR SPY
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FRANK CLOSE

X | yhBreatalk by F. Close
https://youtu.be/d4rCjoWiOrw

Bruno Pontecorvo (links) im Jahr 1949, ein  rechts) bei der Besichtigung einer Fabrik

And adiscussiorof this bookin Nature

Jahr vor seinem ratselhaften Verschwin- von Olivetti, dem italienischen Hersteller
den zusammen mit Enrico Fermi (2.von  fiir Bro- und Rechenmaschinen. https://www.nature.com/articles/518032a
Pl Universitit Hamburg in german Physik Journal 12 (2013) Nr.10
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https://youtu.be/d4rCjoWiOrw
https://www.nature.com/articles/518032a

The Pioneers & Discovery

{21 Universitit Hamburg
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3 kt Water Cerenkowdetector, build for searchingoroton decay

KamiokaNDE

NucleonDecay Experiment

W

el

Nobelprize2002
"for pioneering contributions to astrophysics,
in particularfor the detection of cosmic neutrinds
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/
GCUT theoreg s ,
P — e 1T
Energythresholdfor Positron .
Cerenkovemmission(in water):
A Muon: >170 MeV < _o'
A Electron >few MeV f”;Proton

gamma

GU7 Fleones
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Proton Decay Experiments in the 1980s

A KamiokaNDHwater cerenkoy FV = 1000t)

A IMB (vater cerenkoy FV = 3300t)

A NUSEX (irotrackingcalorimeter FV = 130t)

A Frejus(iron trackingcalorimeter FV = 700t)

A X

os had been discovered in 1965

AtmOSpheric g dered as a background

and were cons!
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After muonneutrino wasdiscoveredn 1962 (inacceleratorexperiments

Discovery of atmospheric neutrinos (1965)

In 1965, atmospheric
neutrinos were observed
for the first time by
detectors located very
deep underground.

€In South Africa
| F. Reines et al., PRL 15, 429 (1965)

=>» In India
C.V. Achar et al., PL 18, 196 (1965)

Alsointeresting
Slideby T.Kajita at 9w{t9/ ¢L+9{ hC 9-t9wlL a9b ¢\MS[Narasinhatnw L b
Proc IndiarNatn SciAcad 70, A, No.1, January 2004, px;2% 19
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Neutrino production by protons hitting a target

Neutrino beams Astrophysicalneutrinos Atmosphericneutrinos Cosmogeniaeutrinos

2] b

Active galactic nucleus

Accelerator

Target
nucleus
or vy

From F. Halzen
o
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But then: Kamiokande s e e s
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NUmpEr o1 EVenTs

1988: atmospheric neutrino anomaly

— Kamiokande Observed fewer u-like events in
atmospheric v interactions than expected

R= (Obs./MC)p-like = 5917% (stat.)

a0 T T
(a) (b)
30} 4 {_! "
| e like 1 p-like
| | |_|
20+ ; -
+ I +u
10 iL‘MF | LLL
', H+
DD 5;.'}0 'IDDD o EOD lDCJ'C}

Momentum (MeV/c)

Y. Suzuki @Brexino10thAnn in G




Other experimentsstart looking at this so calledatmosphericneutrino anomalyX

P |
CO“““S\O“
v\es““'
Kam.(sub-GeV) |
Kam.(multi-GeV) Hett : 1988
IMB-3(sub-GeV) - 1992
IMB-3({multi-GeV) l-ml—l—
Frejus (Fe-calor.) | 700 ton *‘—'—"
Nusex (Fe-calor.)| 130 ton ' i
Soudan-2 (Fe-calor — 1997
0 0.5 1 1.5

(W) g/ (/e)yc

Half of the muon neutrinosseemto be missing
Butonlyin the water Cerenkowletectors?

Conclusion Needbiggerand better detector (SuperKamiokandgto solvethe puzzle



Super-Kamiokande
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Fig. 1. Location of Super-Kamiokande in Japan.




Zenith angle distribution

Oscillation probability
changes with zenith angle

atmospheric \
neutrinos: N/

E, few GeV

‘ u
Atmosphere’ =~ - ~. L

P(n_- n,)=sin’*2q, sin’
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SuperK 1T First Evidence for Neutrino Oscillations 1998

Super - Kamiokande 548 days Preliminary

[ T T T 1 1 [ T T+ T T T ]
multi-GeV e-like multi-GeV mu-like (FC+PC)
150 - 1 r ~
: 100 - 1 F

1 >

50 - a | ETt_ # Data ]

[ ] Predicted
e 1T —— numu-nutau osc. |
D ] | 1 1 1 | L | L I | 1 | L | 1 | I
-1 =06 -02 02 06 1-1 06 -02 02 06 1
1 cos(zenith angle) l cos(zenith angle) l

Aexp = 0 for ve, but for v,: Aexp = —0.296 £ 0.0484¢4¢ £ 0.0104ys¢




VOLUME §1. NUMBER 8 PHYSICAL REVIEW LETTERS 24 AUGUST 1998

Evidence for Oscillation of Atmospheric Neutrinos

Y. Fukuda.! T. Hayakawa.! E. Ichihara.! K. Inoue.! K. Ishihara,! H. Ishino.! Y. Itow.! T. Kajita.! J. Kameda.'
S. Kasuga.! K. Kobayashi.! Y. Kobayashi.! Y. Koshio,! M. Miura.! M. Nakahata,' S. Nakayama.' A. Okada.!
K. Okumura,' N. Sakurai,! M. Shiozawa.! Y. Suzuki.! Y. Takeuchi,! Y. Totsuka.! S. Yamada.! M. Earl.> A. Habig’
E. Kearns.> M. D. Messier.” K. Scholberg.” J. L. Stone.”> L. R. Sulak.> C. W. Walter.> M. Goldhaber.” T. Barszczxak.*
D. Casper.’ W. Gajewski.* P. G. Halverson,®* J. Hsu.,* W.R. Kropp.® L.R. Price.’ F. Reines. M. Smy.* H. W. Sobel.*
M. R. Vagins.* K. S. Ganezer.” W.E. Keig.> R. W. Ellsworth.® S. Tasaka.” J. W. Flanagan.®T A, Kibayashi.®
J.G. Learned.”® S. Matsuno.® V. J. Stenger.® D. Takemori.® T. Ishii.” J. Kanzaki.” T. Kobayashi.” S. Mine.”
K. Nakamura.” K. Nishikawa,” Y. Oyama.” A. Sakai.” M. Sakuda.” O. Sasaki,” S. Echigo,'” M. Kohama,'"
A.T. Suzuki.'” T.7. Haines.!"* E. Blaufuss.'” B.K. Kim.!? R. Sanford.'” R. Svoboda.'”> M.L. Chen."” Z. Conner,'**
T.A. Goodman."” G.W. Sullivan."” 7. Hill." C.K. Jung.'* K. Martens.!* C. Mauger.!* C. McGrew.!* E. Sharkey.'
B. Viren,'* C. Yanagisawa.'"* W. Doki."” K. Miyano."” H. Okazawa.'” C. Saji.'” M. Takahata.'” Y. Nagashima.'®
M. Takita.'® T. Yamaguchi.'® M. Yoshida.'® . B. Kim."” M. Etoh.'® K. Fujita.'® A. Hasegawa.'® T. Hasegawa,'®
S. Hatakeyama.'® T. Iwamoto.'® M. Koga.'® T. Maruyama.'® H. Ogawa.!® . Shirai.'”® A. Suzuki.'® F. Tsushima,'®
M. Koshiba,!” M. Nemoto.?’ K. Nishijima,” T. Futagami.”! Y. Hayato.”""§ Y. Kanaya.”!' K. Kaneyuki.’!
Y. Watanabe,”! D. Kielczewska.”* R. A. Doyle.” J.S. George.” A.L. Stachyra.” L.L. Wai, >
R.J. Wilkes,” and K. K. Young”
(Super-Kamiokande Collaboration)
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Super-K L/E Analysis (2005): alternative mechanisms
disfavoured

1-8- B | = B BRATE] LI ELLL | LR LLY |
16 - oscillation
decay
decoherence

Data/Prediction (null

1 10 10° 10 10
L/E (km/GeV)

—> Oscillation scenario preferred at >3c level.
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This was confirmed by neutrino beam experiments

Disappearencefv, o(C ©*' ) p OE(Tc—)'t'OEfp& 0x (I.EO(T&ST)%ESEED)

— 8 §J (between4l° and 50)
Yo | (8 § ) A6
OctantProblem: MassOrdering?:

K2K Thisis symmetric Samevaluefor
around45°; m, < mz andfor mg < m,

MINOS e.g. 50 and 40 give
samevaluefor sirt2’

Today:

NOVA T2K

Xfurther confirmedby atmosphericneutrinosin SK andcecube

29




OPERAAppearenceof v (2015)

y i _-decay: [ - m+v_+yv, 18%
....... . ["- € +V +v, 18%
W t - p (np°)+y, 48%
N t"- ppp (np°)+v, 15%
p.n hadrons RY;
1 mm St
T e \_/m
Typical topology of-decay: vt - -
G Y A withig Imm from vertex v /
lead-emulsionbrick
- Lead target mass:
Jd:‘“;:iz?;: Hamburg ERuisions f  mkioa p
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Why Matter matters,
even for neutrinos
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Standard Solar Model (SSMyedictedsolar neutrinofluxes

ptrp—> dte +v,

pte+p—> d+yv,

oy .

d+p—>°He+y

85%

10

‘He+*He > a+2p| ['He+a— 'Be+vy

15%
"Be + e— "Li +y +v,

10

‘Be+p—>° B+ y

Litp— 2a

L a—
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Solar Neufrino Spectrum =
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Solar Neutrinos: First Detection

—_ %

1970- 1994
! [
E,> 814 keV 8B, ’BeNeutrinos)

l"adio chem ical ex'aen'meul—.c
R M | Blr6E)E

3
To froc/ucc 4 Adom per a/ay (AM‘E ; ’)
¢ ~ 107 —— heed 403%39/

A

6 10%3 Ao in Amol -’—_> few 1000 tons

Hete - Y S00m3  of
T Perchiorethy lene
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Raymond Davis Jr.,
HomestakeExperiment




