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Historical introduction v
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Historical introduction v

(1956)- F. Reines y C.Cowan detected for
the first time a neutrino through the

reaction P+ —nt+et

This search was called as poltergeist
project.

First neutrino experiment that used

)

First reactor neutrino experiment

(1962)-Lederman-Schwartz-Steinberger,
discovered in Brookhaven the muon
antineutrino through the reaction:

— +
V,+p > U +n

— +
they did not observe: V, TP —>¢e +n

Confirming that
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Historical introduction v

(2000) In Fermilab the
DONUT collaboration iy N
observed for the first
time events of@ They
detected four events.
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Neutrinos

Active neutrinos
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Neutrinos -SM

Therefore in the Standard Model (SM) we have:

ELEMENTARY

Left-handed doublet

L H L ¢ L

Neutrinos are fermions and
heutrals

. I8

Only neutrinos of two kinds have
: momentum momentum
been seen in nature: Y, N>
left-handed —neutrino S =

right-handed- antineutrinos Neutrino Antineutrino
(left-handed) (right-handed)



Neutrino -SM

In the SM the neutrinos are consider massless (ad-hoc
assumption)

....BUT we know that they have non-zero masses
because they can change flavour or oscillate ...



Neutrino oscillations -history

(1957) Bruno Pontecorvo suggested for
the first time theideaof v — v (v < v )in

analogy to K, = K, (K, < K,).

Progress of Theoretical Physics, Vaol. 28, No. 5, November 1962

Remarks on the Unified Model of Elementary Particles

Ziro MAKI, Masami NAKAGAWA and Shoichi SAKATA

Institute for Theoretical Physics
Nagova University, Nagoya

(Received June 25, 1962)

ay The weak neutrinos g

Vo= cos f —yy sind,

(2-18)

V=¥ sin f +uy cos §.

) turns out to of the same form with (2-]}.
er, weak neunos are nof stable due to the ocour-
utation Ye=¥, induced by the interaction (2-10). If
etween ¥y and ¥, Le  |m,,~m,|=m,* s assumed to be
nsmutation time T (v=2v,) becomes ~107" sec for fast
mentum of ~Bev/e. Therefore, a chain of reactions such

The leptonic weak curregt
In the present case,
rence of a virtual t
the mass difference
a few Mev, the
neutrinos with a
as'®
B Yy (2-19a)
v+ Z (nucleus) —Z° + (¢~ and/or 7) {2-19b)

is useful g check the two-neutrino hypothesis only when |m.,—m, |=107" Mev

(1962) Maki, Nakagawa and Sakata proposed the

mixing




Neutrino oscillation in vacuum

Flavour conversion

=)
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/Ve\ /Vl\
v, ) v,
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Vi,
‘ <Vin>:5ik

flavoureigenstate a =e, i, 7

<Vavﬁ>5a%‘/a>= Zk:UZk
|

masseigenstate k =1, 2,3

The flavour (weak) eigenstates are coherent superposition of
the mass eigenstates

Va>@"1>+®v2>+ Vs




Neutrino mixing

* The mixing matrix is appearing in the charged
current interaction of the SM :

analog to the quark
mixing case

Lgl(\:/l = Z m«.yulm_w +U 7 vie +)

aeurk t

_\y1 v _ D u _ _
UPMNS _VL+VL = VL +Vl_ — CKI\/I L=V, | = v,

+
_)VkLIL _)VkLIL

PMNS=Pontecorvo-Maki-Nakagawa-Sakata

D= down quarks
U= up quarks



Neutrino oscillation in vacuum
the scheme

Flavour states Flavour states
Detector
Source
V Propagation
a
—> — U kg
U
(04
Vi

Mass eigenstates

Coherent superposition of the
mass eigenstates The flavour conversion happens

at long distances!



Neutrino oscillation in vacuum

Starting point :

Ve )=

S wvo= DU, vﬂ> =0, x=0)

p=e,u,t

ai

Lk =masseigenstate of =flavoureigenstate

Evolving the mass eigenstates in time and position (Plane wave approximation):
v, (X)) => U exp(-iEt+ip,x) v,
i

= > YU, exp(-iEt+ipx)U,

ﬂe,url

4

Vﬁ> Vo)

Ay p (t,X)= probablllty amplitude

P, = AL, X = Vvt X)) =

Zu; exp(—iEt+ipx)U,,




Neutrino oscillation in vacuum

Analyzing:

~Et+pL=—(E -

We are using L instead of x

(Ei2 B pi2 )I— m.z

~ 'L

pi)LJ:_

‘ assumption tD

(Ei T pi)

' 2E

E is the neutrino energy neglecting mass contributions

Pva—wﬂ = IZJ:U
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Neutrino oscillation in vacuum

P, (LE)= ZUM

Am?
+2ReZU U ,U uﬂjexp(—u oe LJ

/

v

i>j
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constant term

2
Amij L . ArE

=2r=1L

2E 0SC 0sC Am_z_

1)

Oscillation wavelength

L:source-detectordistance

E :neutrineenergy

oscillating term

vaa—wﬁ = vaa—wﬁ =1

a=eu p=e.uz

Valid if there is no sterile neutrinos



Neutrino oscillation in vacuum

Pva—wﬂ (L’ E) = izuai

using
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Neutrino oscillation in vacuum

* For the antineutrino case:

1/05>=Z:U0{i v =U —>U’

*

P, (LE)=5,— 4xY RelU U U.U;j]sin{

Vo Vg al = fi~ g

Am;

L
4E
Am;

L
2E

I>]

/@ 2x§lm[u;u JULU Jsin (

This is the only difference...we will return to this later




Two neutrino oscillation

cosd sind
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Two neutrino oscillation

2

P, (L’ E)=1—Sin2 ZHsinz(A;El LJ survivalprobabilit

2

P . (LLE)= sin?26 Sinz[AA,rrEle transitioprobabilit

VeV,

oscillation amplitude N - J
oscillation phase

In the two neutrino framework we have:

Pva—n/ﬂ(l_’ E): Pva—»Tﬂ( 1
Pva—wﬂ (L’ E): Pvﬁ—wa L’ E)




Two neutrino oscillation

* Introducing unitsto Land E

2 2 2 2 2
AMa| 4127 Am (v )L(m) or 1.27 Am,(ev )L(km)
4E E(MeV) E(GeV)
L = 7B o4y EMEV) 547 BV |
Am;, Am;, (eV) Am;, (eV")




Oscillation regimes

2 2
Am;, | Aleanﬂ L
AE ~ 4rnE L.,
e Oscillation starting Am:

Ideal case

Fast oscillations

21 L<<1EL<<1

0sC

AmMZ, L 1
L~3Q) = S No oscillation
E L. 2
serf20 -0
2
Am21|_>>1EL>>1 Am2221=0:>m2=mlorm2=m1:0
LOSC Am21 L _)0

4E




Oscillation regimes

Long distance

Ideal distance

Short distance

T

'i: I;E | | : \ ;sin2 26

5.00 10.00

Fixed E




Sensitivity plot

1 H a
a) P ="sin’20 ¥
2
b) P, =sin220< sin2£1.27Am221L]> 0.1 sensitivity
E
- b
2 ™~
=
c) P =sin’26| 1.27Am, L :>Am221:.11.27 £ P 2 o.01}
E sin20 L ~
L2
— log (Am2) =~ 1o (sin? 26)+ log| 1.27 E P
g 21/ — 2 g g ' L L 0.001L C
Not sensitivity
L\ 104}
@b maximumsensitivi,t(l.Z?Am2<E> ~ 2}
10 0= 5001 6,01 0.1 1
sin? (2 ©)

PL = |ower probability limit for having a positive signal in a detector



Am? (ev?)

Exclusion plot

10

0.001} PL2<P>

10

10

a| allowed

5

excluded

102 0.001 0.01

0.1

sin? (2 ©)

4 PLE

upper limit of the
oscillation probability



Positive signal

10} : 10!

0.1 — 0.1
>
L
§
0.001; 0.001:
100+ 0.001 0.01 0.1 1 10 5.001 0.01 0.1
sin? (2 9) sin? (2 6)
0.001< P< 0.005 0.05<P<0.15

(L/E) = 18km/GeV (L/E) = 1km/GeV



The mixing matrix

A general complex U, matrix has 2N? parameters

2 2
— 2N - l\l + N (N —1) =N
I —
unitarity length of each row orthogonality between different rows

AN J/

from » UU =6,
i

the mixing matrix isunitary and satisfies the condition U'U =UU " =1

N2 N(N=D) _ N(N+1) In 3v scheme:

2 2

rotation angles complex phases 3X (3'1)
N(N —1)

2 rotation angles

=3 rotation angles

= unitarymixingmatrixha

3x(3+1)

N(N +1) complex phases
2 2

=6 complexphases




The mixing matrix

written a unitary matrix 3x3 representation within U, v, 7*l  :

e” 0 0 e 0 0) (g
(VlL VoL VBL)X 0 e” 0 XUCKM—TYPExeiGX 0 €™ 0}x My
0 0 1 0 0 1 T,

U =U_., (3rotationangles& 1complexphase)

* The phases a,,a, ando can be absorbedby rephasing

—i(a|

e € )| andr, >ez,
Other terms of the lagrangianare invariant

*IFv's are Dirac neutrinos = neutrinost antineutmos

= ¢ and ¢, can be absorbedby rephasing




The mixing matrix

* |f neutrinos are equal than antineutrinos

Charge conjugation operator
= v = y° :Majorana condition

- — =
neutrino antineutrino

¢ and ¢, can not be absorbed since theneutrino phases are fixed

. . - - i\C y
For instance, if vo>veY =ve” = (V e'¢) — v =g"2"
@ hasto bezero

In the 3v scheme:

Dirac Neutrinos

mixing angles N(N-1) =3 N(N-1) =3
2 2
physical phases (N _1)2(N —2) =1 N(I\zl_l) =3

Majorana Neutrinos




3

3

N

N

3v-mass scheme

Normal Hierarchy

NNB

Inverted Hierarchy

AmZ = 9(102eVv?) Am? = 9(10°eV?)




The mixing matrix in 3v scheme

UD

1 0 0 ¢, 0 s.6¥) (c, s, O
UY=|0 ¢, sS,|x| O 1 0 |x|-s, ¢, O
0 —-s,, C, —sl3e 0 cg 0O 0 1

e 0 O

Dirac tP phase [0 e 0

0 0 1

UY =U®xD" =UP.e™(with ¢, =0) T

Notation: ¢; =c0s6; s; =sing, Majorana phases

...Tomorrow we will see the current measurements of these angles done by the experiments



Majorana phases and neutrino

oscillations
2 (_i Eit+ipx) (IEit+ipix) | 2
A, LX) :ZU;M € U Dett g U e
(—i Ejt+i p;x) 2
= 2.Uar V)

Only the dirac phase is observable in neutrino oscillation




CP violation

U;k‘jij//ulaLW,u +UakraL7/ﬂvkL +)

7

= — u.l. »*vW"+U v 7"l W
N/?a:ez’;l’ ok aLj/ KL™ " 1 ok kL7/ al ,u)

TR needs U™ #U




CP violation

e What does CP mean in neutrino oscillation ?:

C P
Vi _)V,BL = V, _)V,BL =V i _)V,BR

CP

P =P

Va _)V,B Va —)Vﬂ

if U,#2U_. anda=p
=P = P (CP isviolated

Va _)Vﬁ Va —)Vﬂ




CP violation

. Pl [ Amg
AP(a, B)=P, ,, P, = 4><Zlm[Ua.UﬂanjUﬁj]sm ZnI;”L

Vy Vg Vo>V L i
i>

Ith ;U ﬂanjU;j J= ("f\)\] CP| | larlskog invariant

(+) cyclic permutatias in(a, £) and(i, j)
(-) anticyclicpermutatias in(e, 8) and(i, j)

Independent of the mixing matrix parameterization =rephasing invariant




CP violation

Am? Am?
AP =\t )M4J .| si 121 |+si 23 L

2 2
— (i)lGJCP[s i {A4n|1-:12 L]xsi {Aﬂ;’ L

2

+5i Ay, L
2E
2

XS Ay, L
4E

~
Scp

J o = C0OS? 6, SN &: ~C0S &; ,Sen & , COS 656N &,,Sen &
CP 13 13 12 12 23 23

All the mixing angles have to be
non-zero to have CP violated.

CP violation phase

In particular we just found out that &3 #0




CP violation

* [tisinteresting to note that AP, =AR .,

AI:)CP (a’ﬂ): Pva—wﬁ - Pva—wﬂ = PV >V o Pvﬂ—wa = AI:)T—ODD (Of,ﬂ)

a

* Checking for CPT

C P T

CPT

P =P (CPT IS conserved)

170[ —>17’3 V,H —)Va




Useful approximations

AMZ, =~ AmZ, >> Am;, with

Case 1 : sensitive to the large scale :

In the three neutrino framework we have:

AmZ,

AmZ,

=&~ 9(107?)

AMZ, = AmZ, — Am;,

AmZ,

(AméLj~9ay:(
AE AE

Lj ~&9(1) > 9(10_2):> we neglect Am;,

Case 2:

sensitive to the small scale

&

AmZ, .

)~19(1):>( AE

AM;, .

|

Lo
E

(102):> terms relatedare averagedout




Useful approximations

e Case 1: sensitive to the large scale

o+ f

AmZ, ~ AmZ,andAm;, — 0 (S, — 0)

* x ]in2
P, = —4X{R€[Ua3u U Jsin ( e

AmZ,

AmZ, Lj}
4E

L] +RelUZ,U U, U ;Z]SinZL

Y Re[U;:J,UﬂS(UalU;l +Ua2U;2)]Sin2(A4nl’lE§1 Lj}

Similar structure to the two generation formula




Useful approximations

e Case 1: sensitive to the large scale

Explicit formulas




Useful approximations

e Case 2:sensitive to the small scale

averaged out

a=p
Pva—w

2 2 2
- Ua34+(1_ua32)2 1—ax, Dl Ya sinz(Ale Lj

1-4xU,," U, "sin®

1—2><ua32(1—ua32

(S ruatf
/ sinzzaeﬁ

Similar structure for the two generation formula




Useful approximations

e Case 2:sensitive to the small scale

Am?
P =5/ +cCl1 erf 21
s 13( ]

3v 4 4 2v
P =S,+C,P

Ve—>Ve Ve—>Ve

2
Amy, scale

Approximation
——  Full Probability

500 1000

2
Am, scale




Useful approximations

 We can get a better approximation for the oscillation formula when we
expand this in small parameters up to second order. We are in the case of

sensitivity of the large scale.

* These small parameters are:
/ \
2 -
3

AmZ, AmJ L AM
2 _ 2 sa2 13
Amg  2E, Prsv, (raosv, (S22 SIN” 26,5 8in =

/ ya

leading term —P,,, approximation

Now it is appearing

d and Am/ > —

<<

J =c,sin26,,sin 26,,sin 26,




