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EVIDENCE FOR MASSIVE NEUTRINOS



[ The Neutrino Revolution (June, 1998)}

[ Clinton on neutrino J

President Clinton addresses the
graduating class at MIT

(excerpted from remarks at the MIT ResHew b ate e
commencement, June 6, 1998)

[W]e must help you to ensure that America continues
to lead the revolution in science and technology........

Just yesterday in Japan, physicists announced a
discovery that tiny neutrinos have mass. .....but it may
change our most fundamental Theories from the
nature of the smallest subatomic particles to how the
universe itself works, and indeed how it expands.
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Invention of the Neutrino I

‘Beta decay mystery (1920's puzzle) ‘

- 2-body decay should give mono-energetic electron

2-body decay
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Invention of the Neutrino I

Observed spectrum was continuous

- Breakdown of Energy Conservation ?

B Observed Expected

e spectrum of electron

3 energies energy
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= James Chadwick 1914

Energy Q\End o Also,conservation of angular
speg‘,?um momentum was broken
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Invention of the Neutrino I

IW. Pauli's solution (1930) |

In B—decay

Pauli proposed a hypothetical particle which is
weakly interacting massless neutral fermion
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Desperate remedy

4th December 1930
Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will
explain to you in more detail, how because of the "wrong" statistics of the N

and L16 nuclei and the continuous beta spectrum, I have hit upon a desperate
remedy to save the "exchange theorem" of statistics and the la.w‘of '
conservation of energy. Namely, the possibility that there could exist in the
nuclei electrically neutral particles, that I wish to call neutrons, which have
spin 1/8 and obey the exclusion principle and which further differ from light
quanta in that they do not travel with the velocity of light. The mass of the
neutrons should be of the same order of magnitude as the electron mass and
in any event not larger than 0.01 proton masses. The continuous beta,
spectrum would then become understandable by the assumption that in beta
decay a neutron is emitted in addition to the electron such that the sum of
the energies of the neutron and the electron is constant...
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Solvay 1933

Pauli gave a talk on his idea of neutrino

INSTITUT INTERNATIONAL DE PHYSIQUE “%“‘(29 Octobre 1933
SEPTEME CONMEA DE PHYSIQUE - BRUXELLES. 22-29 OCTOssE 1933
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| True Picture of Beta Decay |

Three-body final state

5 / Antineutrino
() >@°
Neutron \ Electron

@

Proton

Electron and antineutrino share the energy
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Fermi Theory (1933) I

e Fermi formulated the theory of beta decay

Lrermi = ——=
: V2

Gr = 1.166-10"°GeV 2 Fermi constant

e point-like four fermion vertex
e works for muon decay and can be applied to any nucletL

= first successful theory of the creation of massive particle
- Nature didn’t publish the article:” contained speculations
too remote from reality to be of interest to the reader..”
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Weak Theory I

Interaction between (p*,n) and (e~,v) is mediated by W~
of which the Fermi theory is the low-E effective field theory

= n 14
n S \/E (4 >

T 2
V2 8Mj,
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Discovery of neutrino I

Bethe-Pelerls (1934) proposed a possible detection of

VY from the phenomenon known as inverse pB-decay
Ve+pron+e’

They computed v cross section using Fermi theory

3
o< ——~10"*cm? (for E~2MeV)
m-°c*t

In fact, 6~10~*3(E/MeV)?cm?

The “mean free path” of such neutrinos in a block of
lead is of the order of 1 light year !.

Detecting neutrinos is next to impossible.
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Discovery of neutrino I

e |n*“atomic age”, very intense sources of v could be

available . nuclear bombs or nuclear reactors.
- Reactors ~ isotropic flux of 10%% v/sec

e Poltergeist project came up with : First idea is to put
the detector close to a nuclear explosion

Nuclear
explosive
\ Firetall
Buried signal line

‘!.n m for riggering release

‘~ 40 m

Back fill—

Suspended ——E-J_l

detector Vacuum
line
Vawm]—— 1 6

tank E

Vacuum
pump

Feathers and
foam rubbes




Discovery of Neutrino I

e Frederick Reines & Clyde Cowan’s Project (1951)
e “the first detection of anti-neutrinos using reactor -

e Project approved at Los Alamos (1952)

Anti-Neutrino Detector

V+p—>e +n

Cerenkov photon

positron
] m I —1| computer

/ phototube
- detector
= i __“I' »E_\‘ p

neutrino .

proton ®
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Use delayed coincidence between e+ annihilation and
neutron capture 18



Discovery of Neutrino I

On June 14, 1956, Reines and Cowan sent a telegram to
Pauli:

“"We are happy to inform you that we have definitely
detected neutrinos from fission fragments by observing
inverse beta decay of protons. Observed cross section
agrees well with expected...”

Reines: Nobel Prize in 1995
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Discovery of Muon Neutrino I

< Muons were discovered by Anderson & Neddermeyer
(1936) from cosmic source and confirmed by Street
and Stevenson’s cloud chamber experiment in 1937.

« [tis like electron but heavier.

e |t was thought to decay into an electron and a gamma

Initial state Final state

Meutrino v
Muon p= == = = = = Electron e~

N T But, it didn’t happen

™~

Gamma ¥
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Discovery of Muon Neutrino I

e In the late 40’s, it became clear that the u~ decayed
Into more than one particle
e Presumably the unseen particles were neutrinos :

u—-e+v+v
e There was a particle decayingintoa u~ and av,, :
T ->u +v,

e Are they all the same as neutrino emitting from p-decay
?

T—> U+ Vv

L’ v+N—e¢ or u?

21



Discovery of Muon Neutrino I

e Experiment was done at the Brookhaven 30 GeV
accelerator in 1962 (Lederman, Schwartz, Steinberger).

T U +v,

v, +p—oet+n

None was compatible with
electron in the final state

Nobel Prize in 1988

22
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Discovery of Tau Neutrino I

e Tau was discovered by M. Perl in 1975 via

et +e - et + ,ﬁ + X (undetected)
(at least two)

e |t was proposed that the above can be mediated by

et+e str+1t set+ut+4v

e Tau neutrino was finally discovered by

W ‘.___.}

DONUT exp. at FERMILAB (2000) -

V.
1/

| ™
=l =

e

=

r
r

o

,

cl

S is completed !

Prize in 1995

(discovery of t7)
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Neutrinos in the SM I

Our best model for the microscopic universe...

Neutrinos:
Q)

The Standard Model of . : . :
Particle Interactions 9 Come inhree " flavors

Three Generations of Mateer -Aredmassles
‘Interact weakly
‘Cannot change flavor,

\ /
All neutrinos left-handed

5666
X

«
o}
ot

Y
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Neutrinos in the SM I

e How neutrinos interact ?

- weak interaction exchanging wk, z°

Ve—m > € Ve — o > Ve
Yy H Uy Vy
’ T ; ;
A o
< <
n ‘f; P 7 ‘f; n
. > p = —
Charged Current Neutral Current

Loy D —i ZﬁLf’mefWJ

/ 25



Neutrinos In the SM I

e Only 3 neutrinos exist \\//
(below electroweak scale)

From e + e~ - Z° > ff

ALEPH
| DELPHI
30 L3

OPAL

B
N, = F‘”" — 2.984 4+ 0.008

v

20 F

+ average measuremen s, .
error bars increased
by factor 10

lGh.autl [I'Ib]

10

05688 90 92 s
E_ [GeV]
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Neutrinos in the SM I

e Neutrinos in SM exist only In 2 states :
v with (-) helicity & v with (+) helicity
e Experiments have shown that v (v) are always left-
handed (right-handed)

W* - 17 + v, w- -l +7,
/

L
—
% / \%
@-» momentum _@» momentum

-§— spin —P= Spin
Neutrino Antineutrino
(left-handed) (right-handed)

Massless neutrinos: helicity=chirality 27



Neutrinos in the Universe I

Neutrinos are everywhere:

Every second hundred trillion neutrinos
from sun are passing through our body.
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Neutrino Sources

sSupeghova 1987A. ‘23
Februar 198?

R )

&Sun Astronomy: %**'-"’“”‘
~10%8 /sec Supernovae .

GRBs

UHE v's

& Cosmology
Big Bang ~300/cm3

Cosmic Rayv

Atmosphere

~1000/sec
detected

~109/second
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Cosmological v

Solar v
Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmosphericv

v from AGN
Cosmogenic
v
1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1
1073 1 10° 10° 107 10" 10'° 10
peV. - meV eV keV MeV GeV TeV PeV EeV

Neutrino energy

Measured and expected fluxes of natural and
reactor neutrinos (arXiv:1207.4952)



How did neutrino physics become
SO Important ?

32




[ The Neutrino Revolution (1998-) }

Discovery of Neutrino Oscillation

Neutrinos are massive.

leptons mix.

» Evidence for new physics beyond SM

» [Playing a key role in understanding our universe}

33



Neutrino became hot!

i
o
o

2002-Nobel Prizes were awarded
to Davis & Koshiba

§o]
o
o

for detection of cosmic neutrinos

200

Papers on v per Year

o)
o
o

300

0
7980 1985 1990 1995 2000
Year

Neutrinos
from backstage to center stage
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Neutrino is still hot!

2015-Nobel prizes were awarded to
“discovery of neutrino oscillation
Kajita & Mcdonald

Yoji Totsuka(March 6, 1942 — July 10, 2008)

“The discovery of oscillation in neutrinos was largely
due to the work done by Professor Totsuka,” Kajita
said. 35







History of Neutrino Oscillationsl

« After the experimental observation of K — K osc.,
Pontecorvo (1957) asked weather something similar

could occur to other systemssuchas v—-v,n—n,..
« Maki, Nakagawa & Sakata (1962) mentioned the

possible occurrence of virtual transmutation of

neutrinos again without elaborating the details
 This was amended, once again, by Pontecorvo (1967).

-> developed the modern theory of NO in vacuum.
- new ingredient is the mixing of different families
of neutrinos introduced by MNS.

37



History of Neutrino Oscillationsl

e First indication on NO came from solar neutrino
experiments: Homestake found solar neutrino
flux deficit (1964,68)

< Atmospheric neutrino experiments (IMB, MACRO,
Kamokande-Il) found a deficit in the ratio of the
flux of muon to electron neutrinos

« SuperK reported the first evidence of the
atmospheric neutrino oscillations. (1998)

e SNO experiments provided clear evidence of the
solar neutrino oscillations. (2001)

38



Lepton Mixing I

 Flavor eigenstates (Ve, vy, V;) : states produced or
detected via weak interactions together with charged

lepton with the same flavor (e, u,7)

7 / € =() 511 MeV/cz =105.66 MeV/c? =1 7768 GeVic?
W boson — / /_ -1 -1 -1
M Ve ] Ve 3 | Detector % e 1% I_[ % T
short distance electron muon tau
b4 %
/ <1.0 eVic? <0.17 MeV/:? <18.2 MeV/c?
\'V / v!-l \"“ : g ; A evit ; . ewviC ’ . eVic
1 Ve % Vl'l % Vt
T T
/ // electron muon tau
W o v. o S heutrino neutrino neutrino

« Mass eigenstates (v4,v,,v3) . states of definite
masses that are created by the interactions with Higgs

boson or other mechanisms "



e Mismatch between flavor states and mass states of
neutrinos gives rise to neutrino mixing

e A specific flavor state is a superposition of three
mass eigenstates with definite masses.

AT
, { =e,u,7 [fHavor]
vy = Z Uy v; with
i=1

i=1,2,3 |mass|

—> -Pontecorvo-Maki-Makagawa-Sakita
mixing matrix (3x3 unitary)

Ve PMNS
matrix

40



Lepton Mixing I

e The unitary mixing matrix U occurs in C.C. weak
Interactions

( in the flavor basis) :

( in the mass basis) :

e
_ _ 9 e T+ o
Lo = 5 (1/1,7/2,1/3)L@« (u,) W, + hc
L

41




What neutrino mixing elements mean

42




Parametrization of Mixing Matrix I

Uel Ue2 Ue3
U= Vf]t Vi=|Ua Up Us
UTl U’T2 U'r?)

e 3x3 unitary mixing matrix depends on 9 independent
parameters =2 3 mixing angles and 6 phases

e Not all phases are physical observables.

e Let’s see how many phases are physical by assuming
neutrinos are Dirac particles.

43



Parametrization of Mixing Matrix I

- Under global phase transformations:

Ve — ey (k=1,2,3), by — €90, (a=e,u,T)
3 - =
> e UL ey o I
k=1 =&, T

o~ i(p1—e) S‘ S o e ilek—w) o pilpa—pe) Aoy
kL & ak & T fal
W W
k 1 a=e,u,T 2 2

- 5 phases can be eliminated by redefining fields

44



Parametrization of Mixing Matrix

e Alternatively

RE: 0 0 c;e'®s 0 szeifs cetr  seth 0
i —i : , ;
0 ce 2 S,€e B2 0 e"'y3 0 —$ elﬁl c,e laq 0
0 -—s, e'h2 c,e % ) \ —s, etfs 0 cze %3 0 0 e’
c1c3ei(@atratas) s czel(h1tr2+as) s3ei(1+v2=F3)
Slszei(ﬁ1+52+]/3) - Czs3ei(a1—a2+ﬁ3) _Clszei(—a1+52+]/3) -5 C283ei(—,31—a2+ﬁ3) C2C3ei(y1—a2—a:3)
ei"’ 0 0 €1C3 §1C3 S3€_i6 eix 0 0
= 0 e 0 || -sic2 =155 cic —s15:55€0 sy 0 e 0

a=(a;—B1)— (ay + Br—V2) — V3 45



Parametrization of Mixing Matrix I

 The mixing matrix contains 1 physical phase

e 3X3 unitary mixing matrix can be expressed in terms
of 3 mixing angles and 1 phase

o Standard parametrization :

i & D €13 0 5138_’.513 c12 S1o 0
& = 0 C3 523 0 1 0 —812 €12 0
0 —sy3 3 —5136’”513 0 C13 g B d

C12€13 S12€13 s;ze 1013

T )
= | —s12C23—C12523513€'°13 €123 —512523513€'°13  Sp3C13

" i
512523 —C12€23513€'°13  — (12523 —512C23513€'°13  3€13

(Sij = Sin eijrci]' = COS BU) 46



Basics for Neutrino Oscillation |

< Non-relativisitic Schrodinger Eq. for a free particle
Substituting E—ihl, p=—iav
ot’

= Relativistic guantum equation from energy-momentum

relation:
E? = p? + m?,

_% L2 =m2¢ > Klein-Gordon Eq.

ot2

¢ = NeiPx-it —>free particle solution
47



Basics for Neutrino Oscillation |

e Choosing natural units | =c =1

_i_ ~34
h=gg = LOSSXA0 T sec 4 (M L2/T) and ¢ (L/T)

c=2998x 108 msec™?!

< In high E physics, quantities are measured in units of
GeV (e.g. m,~ 1GeV) 1kg = 1 x (2.998 x 108)?]

_ (2998 x 10%)?]

_ . o)
m kg = mc*? Energy units 16 x 107 &
=5.618 x 107%° eV
= 5.618 x 10726 GeV.

Table 2.3: Conversion factors for MKS to Natural units

Quantity Conversion factor Actual dimension

GeV

Mass 1kg = 5.62 x 10726 GeV =
c

15 -1 he

Length 1m =5.07 x10" GeV —

GeV

h

Time 1sec = 1.52 x 10%* GeV ! — 48
GeV




Basics for Neutrino Oscillation |
0

Relativistic Schrodinger Eq. in a form linear in FP
d
Hp = (a-P+pmyy =iy
a.p are constants and satisfy E2 = p2 4+ m?2.
H*p = (P? + m*)y

¢ al=p*=0
e a;a;+aja; = q;f + fa; =0.Hence a;’s and § anticommute with one another.

- Due to the last relations, a.f cannot be numbers but

- 0 o T matrices
az(o' o)’ Bz(o _1)

I AR L) N )



Basics for Neutrino Oscillation |

Relativistic Schrodinger EQ. :
(i]/‘“@lu — m)r,b =0

d . ' ) : .
where y# = (f, fa) and 9, = (a, V) (in four vector notation). y*’s are known as the Dirac y matrices

50



Neutrino Oscillation I

Quantum mechanical effects when
Mass states

Flavor states

Vi

V)

V3

Va) = ) Ui
k

Evolution of Y,
(mass states):

Evolution of YV
(flavor states):

| Va(t» x)) — Z Uake_iE
k

| vy) = z Upelvg) J
7

| vi(t, x)) = e Bkt P |y )

kPR |y )




Neutrino Oscillation I
| Va(t, ) = ) (Z Uake-"Ek“pka;k> Vi)
k

B

_ Z Ay (8,5 V)
7

Amplitude —im%L/2E

€

2
W = W
Ugi® Prop(v;) | Ug;
Source 6} / Target
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Neutrino Oscillation I

Pva—wﬁ (t: x) —

2
_ Z —iEgt+iprx [
Avaavﬁ(t:x)‘ =|) Ugge kTP L,
k

2 2 2 2
L

Ex+px  Ex+px  2E
(In natural unit, t=1)
2

Eit — prx o~ (Ek—pk)l_:

Pva—wﬁ (L E) = 2 Uake_imiL/ZEUzk
k

_ Am,zq-L

=ZUakU}}kUa]-U’;;j exp (—l T )
=

J
2 _ 2 2
‘Amkj:mk—mj‘
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2-Neutrino Oscillation I

(Ve) _ ( cos@ sin 0) (V1) B
Vu —sin@ cos @) \V2 2

Production v.) = —sin0lv4) + cos @ |v
(Flavor state) | ”> [v1) [v2)

Propagation : {vl: e~ P1¥ Iv,,(x))z

(mass states) vy: e 'P2X _gin @e P1*|y,) +cos Oe P2 |y,)
Detection : _
(flavor states) [Ve) = cos B|vy) + sin B |vy)
P, .= [(ve(®)|v, (x))| =|— sin @ cos @ eP1* + cos 6 sin e~ P2*|
: m;j
p] \/E — m ~ E — ﬁ
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2-Neutrino Oscillation I

., , Am3, L
P,,”_n,e(L, E) = 2sin“0 cos“0 | 1 — cos > E

— sin220 sin? (A"‘_%lL) » transition probability
AE

e 2 fundamental parameters : (6, Am3,)

i ' 4E
oscillation length : Lo5¢ = —
Am

« Converting natural unit to lab. unit :

2 21a\/2 21.\/2
Am°L | 7 Am=[eVe] L[m] _ 197 Am=[eVe] L[km]
4E E[MeV] E[GeV]

= Survival (disappearance) probability

: : Am3, L
Py, v, (LE)=1-Py (LE)=1- sin”20 slnz( 4;1 )
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2-Neutrino Oscillation

Example of P, _, p

1 1
L/E (arbitrary units)

— T T T L B | r'l' T T T T 17 II T T T LI I A | I:
:_ Ilshﬂrtll‘ IlIDngil 'I'I.\’,E‘r.)JI IDng“ _:
— distance distance distance -
g 4x/Am” E
: A

— A

- \q ; i

= Vi

- " 1 | [l Ll I| L 1 1 I‘\.I-’I | L1 IT

0-1




2-Neutrino Oscillationl

Pva—>va =1- Pva—wlg

Reactor anti-neutrino, 1 MeV
L
= || |
08— \\\ || h|I '| |‘ [
D.B:— I|I || F| ‘ ‘
0.4f 'l l' )
ar \ | |]]
i J || | |‘
“c \ / |||
B \/ Lr'|
o
10" 10 UE (km/MeV)

E=1 MeV,
6=40 deg
Am?=8x10-°(eV)?
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Averaging over E
Am%ll‘) >

< Pva—wﬂ(l" E) >=5aﬂ — (Zaaﬂ — 1)Sin229 < sin? ( ir

dd
f dEv d_Ev Occ (Ev)g(Ev)PVa_’vﬂ (L' E)

Practically, | <P, ., >= ad
devEGCC(Ev)g(Ev)
L i
s | 111 audiate
; (E) = 1GeV

I
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Exclusion Curve I

2
< Py (L E) >=8,5 — (28,5 — 1)sin?26 < sin? (A’Z}L) >

Taking data atfixed <L > and <E > . %
2 . 9 1 153 E)gzlguded
“For Am® > <L/E>’ < sin"(x) >= 2'7. | ol L <

a vertical line at |sin®26 = 2< P,g >

1 = a2 2
-For Am2<« - <sin*(x) > ~x
<L/E>
2..: - ﬁ

Am?ésin20= 4,/< Pog >/< L/E > W oo
L or E dependence
1'3_5—4' T T

10 10 10 10
sin*(24)
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Three-Neutrino Oscillation I

e Oscillation probabillity

3
" * . Ji
ZZlm(UaiUB,;UajUﬁj)sm o

Im(Uq;Up; Uy Ug | sin——

AmAL

2E

S TR - * . AmiL
Praovg = ) |UsiUpi|” + ZZRe(UaiUB,;UaJ—UBj)COS o
i=1 i<j i<j
2
3 * 3 o 2AmﬁL 3
- ZUQ,:UB,; - 4ZR6(UaiUﬁanjUﬁj)sm T ZZ
= 1<j 1<J
b 66{5 L b
- :
CP conserving pat : Pﬁff,vﬁ
2 2 2
PPV, =8] ) &,p5, Sin AL sin ams, L sin Amsa L
Va=vg ~ By > 4E 4E 4E
y

=J 2k €aBy Eijk
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Three-Neutrino Oscillation I

. Am3,L _, Am3,L
PVa—Wa =1- 4|Ua1|2|Ua2|ZSlll2 AE - 4'|Ua1|2|Ua3|281n2 A4E
~4{U 3 |?|U g3 sin? “’;‘;‘;ZL
, Am5,L _,Am3L
Pva—m =1 - 4'|Ua1| |Ua2|281n 4F o 4(1 - |Ua3|2)|Ua3|281n2 4F
N « Am34L Am34L
Pva—n’p = _4(Ua1U31Ua2UBZ)S in 21 +4|U“3| |Uﬁ3| sin® 42‘1

(Am%1 = Amﬁol K |AmGy| = |Am§1| = |Am§2|)

This hierarchy & small 843 lead to two-neutrino oscillation
approximation for many experiments.
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Three-Neutrino Oscillation I

= vV, survival (appearance) probability

|Ue3‘2 < |Ue1|2, ‘Ue2 2 — ‘Ue1|2 ~ COS”£912, |Ueg|2 ~ sSin 1912

4E

Am3., L
Pye_we =1 — sin? 2117 sin2< b )

‘ It Is decoupled from atmospheric v osc.
so, good at probing solar neutrinos
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Three-Neutrino Oscillation I

In the case that |Am3,| « |Am3,| = |Am3,|

L AmE L
Pva—wﬁ — 505/3 — 4|Ua3‘2 (5a3 — |Uﬁ3‘2) sin? 4;1

_ Ams, L
a#Fp = P}/a—ﬂ/ﬁ = 4|Ua3‘2‘U@3|2 sin ( 421 )

Am2. L
a=0F = P, _, =1—4Us|° (1—|UQ32)sin2( Z’z_l)

relevant to atmospheric & SBL reactor exp.
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Three-Neutrino Oscillation I

Oscillations for Short & Medium Baseline
Reactor neutrinos

2
a a ﬂ ? L A g L Z [,
P ~1 511'12 ?6‘13 511'_12 31 1 (m) COS L E)lfj Slﬂz 2912

cc / 4Ej; 4511
' \
1

atmospheric

Survival Probablit

0.2

solar

b_‘ Ill ] ] ] L IIIII
10 1 10

L/E (km/MeV)

E=4MeV = 2km  4km 40km §0km



Three-Neutrino Oscillation I

1 0 0 3 0 size’n cro Si2 0
= Cr3 593 0 1 0 —219 €19 0
0 —$3 03 —51361513 0 o3 0 01

C12C13 517C13 S13e 1013

5 5
— | —S1203—C1253513€'°13  C10C3—512523513€'°13 | $p3€13

5 5
S12503—C12C3513€'°13  —C1053—512623513€'°13 | ¢3€13

g

Reactor

and/or

Accelerator
V
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How to Detect Neutrinos I

« Neutrinos don’t interact with light, so can’t directly be seen.

« But signatures are produced via weak interactions -
large volume of detector is required to capture significant
numbers of neutrino events

Neutrino detectors (ex) Super Kamiokande

observing atmospheric

neutrinos

detect about 1 solar neutrino
per day per 100 tons of water
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How to Detect Neutrinos
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How to Detect Neutrinos I

 Liquid Scintillators : first designed by Reines & Cowan
to detect v, from reactor by observing signals of radiation
striking the scintillator (KamLAND, Borexino, NovA,SNO+)

 Radiochemical detectors : filled with radiochemical
materials(®’ Cl, 't Ga) where neutrinos convert them into
others (unstable isotopes) (Homestake, GALLEX/SAGE)

 Cherenkov detectors : filled with (heavy)water or oll
to detect Cherenkov light produced whenever charged
particles move through medium faster than the speed
of light. (Super-K, SNO, IceCube,AMANDA etc.)
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How to Detect Neutrinos I

@ n @ . 4+ IAr Homestake
® + — + (6e GALLEX/SAGE

®
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‘ SNO
/0@ |
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O——69 =
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Cherenkov Radiations

Muon event || electron event
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Atmospheric Neutrinos l

A half of upward going v, lost !

Number of Events

N

~

=
|

Multi-GeV e-like =

Multi-GeV -like + PC

O —




Atmospheric Neutrinos I

Atmospheric V’s

Event Categories

N

e N

Fully-Contained

Partially-Contained

SK-III run period: July 29, 2006 - present

----- N

Upward
Stopping Muon

Upward
Through-going
Muon

Event Rate (events/day)

Event Category SK SK.I (Presli:;_; r|] |ary)
Fully Contained (FC) 8.18+0.07 822+0.10  831+0.22
Partially Contained (PC) 0.61 +£0.02 0.54 + 0.03 0.57 £+ 0.06
Upward-stopping pu (Upstop) 0.25 £ 0.01 0.28 £ 0.02 0.24 £ 0.03
Upward-thrugoing p (Upthru) 1.12 + 0.03 1.07 £ 0.04 1.11 £ 0.06

Event rates consistent across all phases of SK




Atmospheric Neutrinos l

Zenith angle distributions (superkamiokande)

Null oscillation
Best fit sin<206=1.0, Am?=2.1x10-3 eV
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Atmospheric Neutrinos |

L/E analysis (SK I+ SKII') 40  sctescreotminay
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Am? (eV?)

Atmospheric Neutrino |

Experimental Results

10 0 02 04 06 08 1
sin“20

Kajita (Neutrino1998) : SK+Kamiokande

2
. 5 . [AM3p(p)l
v -y, =~ Sin“20,3 sin
porT 4E
4 o]
3| |
|
o
~
E |
<
3._ —
|” e SK(zenith) 90%C.L.
D [ e SK(L/E) 90%C.L.
L. — MINOS 90%C.L.
K2K 90%C.L.
: L L 1 | L L1 1 | L | | 1 l - | | l | — ] 1
0.5 0.6 0.7 0.8 0.9 1

sin 220
Kajita(2010) : SK I-1ll + MINOS+K2K

Evidence for the existence of neutrino
masses and mixing
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Accelerator Based Neutrino Experimentsl

Target hall
A

Evacuated pipe - .
" o Beam stop

Target

Protons from

L.

%
P Muon (u*) \ ,
Pion {Hl.‘,__,_,/_”:_____ _________ ’. B

Muon monitors

main injector

The NuMI beam.

675m /
5m

Hadron (pion) monitor

E.’.Iﬂ 18 m 3002}
.
Rock

e Making intense neutrino beams using particle accelerators.
= Neutrinos produced in accelerators are typically v,
< Neutrino beams can be used for SBL or LBL v detectors
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Accelerator Based Neutrino Experimentsl

SBL (short-based line) Experiments

« Sit close to the source of neutrinos, so the beam is very
concentrated when it reaches the detector.

( much higher number of neutrino interactions with
a very pure neutrino beam.)

e Good for characterizing the beam and learning about
the neutrinos before they oscillate

e Good place to hunt for sterile neutrinos and see how
neutrinos interact with other particles.

e |SND, MiniBooNE, MicroBooNE etc.

79



Accelerator Based Neutrino Experimentsl

LBL (Long-based line) Experiments

e Focus on the oscillations while traveling great distances

through Earth.
e Neutrinos have a lot of chances to interact with matter

and sufficient distance to change flavors
e Good place to figure out mass ordering & CPV
 MINOS, T2K, NovA, DUNE, etc.
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Accelerator Based Neutrino Experimentsl

LBL (Long-based line) Experiments

« For v,(v,) disappearance observations

P

AmglL)

v, ~1—(cos*0,35in*20,3 + sin*20,35in”0y3) sin’ < 1E

Vu

« For v.(v.) appearance observations

Ams3, L
4F

e But, matter effects are not negligible in LBL exp.

P, ., = sin®20,; sin220135in2<

_ _ _ 2Ea(z)\ . o { Ami,L
P+ V(D) — ve(Ve)] = £ cos 2643 sin’ 2913333 (m) sin? (4_5)

a(z)L

Am?.L
T sin® 26,3 cos 26355, sin ( e

2F



Accelerator Based Neutrino Experimentsl

On vs. Off-axis neutrino beam

In the pion rest frame the kinematics are all completely
determined for the decay

Ay

When we boost into the lab frame, neutrino energy depends
on the angle relative to the boost direction

This ends up projecting neutrino E spectrum down till it’s
almost flat
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Accelerator Based Neutrino Experimentsl

On vs. Off-axis neutrino beam

n decay Kinematics

Decay Pipe

Target Horns ﬂ (mﬂl‘ pﬂ)

— sl —

0.49E,

E,(m — pv, decay) =

1+ 9262

lT'l'T'IT'I'lI'lI'TTII'ITTI'TTI'IT'IT'l'T
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i
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https://link.springer.com/article/10.1140/epjc/s10052-020-7906-x#auth-Koichiro-Nishikawa

Accelerator Based Neutrino Experiments

1
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sin®20,,= 1.0
sin22813 =0.1

Am?,=2.4x 107 eV?

p T  volume

0
e Target
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RC MR T
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Laura-luliana MUNTEANU(PhD. thesis)
Near detectors
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295km
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|

Off-axis method provides
narrow E, band peaking
at a specific E.

The off-axis angle is
adjusted to maximize P,z

(oscillation maximum)
Low background, few high
E events

Measure oscillations at a
single L/E

Essential for high precision

of mixing angle a4




Accelerator Based Neutrino Experiments
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MINQOS Experiment

* v, disappearance to probe atmospheric oscillation regime

The NuMI beam.

Evacuated pipe Houi wom: T fuon n 5
W o= i L. l I l
on (7 - LT g B
T e - - pu
' u ]I B g
- | |
675m |
5m
adron (pion) monitor

Accelerator Based Neutrino Experimentsl

-Neutrinos produced
by NuMI beamline
-2 detectors :
Near : close to
beamline
Far (larger)
735 km away

IAm3,| (eVZ/c?)

The MINOS supports
Super-K & K2K data

x10
i T I T T T I T T T l T T T l T

4.0 - MINOS Best Fit
— MINOS 90% C.L.
__ M|NOS 68% CL |

bl
o

w
o
T

g
o

[ —— SK90%CL.
[ —— SK(L/E)90% C.L

2.0 '
hep-ex/0607088
1.5 -_4 PP BT B SR
0.2 04 0.6 0.8

Sin’(26,,,)

1.0

‘Am_f_.‘ = 2,747 3 (stat +syst) ¥ 107 eV*

sin’26,, =1.00 , , (stat +syst)

Constrained to sin(28,;) < 1
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MINOS Experiment

Target

Protons from

main injector | praem |

The NuMI beam.

* v.(V,) appearance to measure 6,3, 6.p as well as MO

MINOS Far Detector Data
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Accelerator Based Neutrino Experiments
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Accelerator Based Neutrino Experimentsl

beam direction monitors

water equiv. 11700 m

295 km

Neutrino beam 7, .\“ S

=y

Baseline: 295 km

Peak E,: ~0.6 GeV (off-axis)
Near detector: ND280 (~21¢/o targets, TPC tracking, magnetised)
Far detector: Super-K, 50 kT, Water-Cherenkov

Baseline: 810 km

Peak E,. ~2 GeV (off-axis)
Near detector: Scinfillator tracker (300 T)

Far detector: Scintillator fracker (14 kT)
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Accelerator Based Neutrino Experimentsl

T2K (Tokai-to-Kamioka) experiment

arXiv:1106.2822 [hep-ex] 14 June 2011
T2K Main Goals: Hint for unsuppressed theta(13) !

% Discovery of V; = V. oscillation (Ve appearance)

% Precision measurement of v, disappearance

89



Accelerator Based Neutrino Experimentsl

* First observation of v, appearance

¢ Al 1 )
6 v, candidates found! _ Allowedregion  gjpzpg,y
L Am?23=2 4 x 103 eV2
P + 2 J
> | < 7 g?:.'v,cc i Am3, >0 .
= 3f - v #v, CC 12 -
S I lw e
2 5l 422 Al B Daya Bay Result
e | © [ ;
@ = -
’ s | 7 Expected BG - — Bestfitto T2K data -
o I % I 68% CL
g 1 " 1.5+0.3evts 2| - 0% CL ;
> N P 0 01 02 03 04 05 06

Reconstructed v energy (MeV)

sin’20,
Selected to Physics World Top 10 Breakthroughs (England) in 2011
http://physicsworld.com/cws/article/news/48126

T2K result for electron neutrino appearance.
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Accelerator Based Neutrino Experimentsl

|~ Search for v, & v, disappearance

Ratio to no osc.
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Accelerator Based Neutrino Experimentsl

Experimetal Results
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