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\Plan of Lectures |

|. Standard Neutrino Properties and Mass Terms (Beyond Standard)

| 1. Effects of ¥ Mass: Neutrino Oscillations (Vacuum)
|11. Neutrino Oscillations in Matter

V. The Emerging Picture and Some Lessons
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‘Summaryl I

— Accidental global symmetry: B X L, X L, X Ly < m, =0

e In the SM:

— neutrinos are left-handed (= helicity -1): m, = 0 = chirality = helicity
— No distinction between Majorana or Dirac Neutrinos

e If m, # 0 — Need to extend SM

— different ways of adding m,, to the SM

— breaking total lepton number (L = L. + L, + L,) — Majorana v: v = %

— conserving total lepton number — Dirac v: v # v¢

e Question: How to search for m,?

Answer: Today
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Effects of v Mass: Neutrino Oscillations (Vacuum)

Lepton Mixing

Direct Probes of Neutrino Mass Scale
Weak decays, v-less (33 decay, Cosmology

Neutrino Oscillations in Vacuum
Vacuum Neutrino Oscillations Searches and Findings

Alternative Mechanisms for Neutrino Oscillations
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3
Loc+Ly = ——= ZKL Z’}/MV,L-VVW;— Z K Mgw —— Z VCWM,/ZJV +h.c.
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e Changing to mass basis by rotations
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EL,q: = VLz'jEL,J ER,?Z = VRijERaJ Vi = Vij Vj
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%5 g= Unitary 3 X 3 matrices V= Unitary N x N matrix.
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e Charged current and mass for 3 charged leptons ¢; and /V neutrinos »/; in weak basis

3
Loo+Ly =——F%= ZKL Z’}/MV,L-VVW;— Z K Mgw —— Z VCWM,/ZJ v, " +h.c.

i,j=1 i,j=1

e Changing to mass basis by rotations

W _ /¢ W _ y/¥¢ W _ v
EL,q: — VLz'ng,j gR,i — VRz‘ng,j Vi = VL‘jVJ
VfTMgVé = diag(me, m,, m;) VVEM, VY = diag(m?, m3, m2,...,m3%)
VL r= Unitary 3 X 3 matrices VY= Unitary N x /N matrix.

e The charged current in the mass basis

9 i
Loc =~z Urhgp v W,

V2

3 :
. 1k .
Upmp =3 x N matix  Uphp = Y PEVE vvhipy
k=1
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e P’ phase absorved in [,
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1k :
Upp =3 x N matrix Uil = ZP“ Ve vk py

e P’ phase absorved in [,
e [°, phase absorved in v; (only possible if v; 1s Dirac)

o Ui gp ULEP:I3X3 but in general ULEP ULepFIN« N
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1k :

° Pe phase absorved in [;
-, phase absorved in /; (only possible if ; 1s Dirac)

o Urgp UﬁEP:I;),Xg but in general UEEP ULepFIN« N

e For example for 3 Dirac v’s : 3 Mixing angles + 1 Dirac Phase

1 0 0 C13 0 8136i5 Cc21 s12 O
Up =10 C23 523 0 1 0 —s12 c12 O

0 —so3 C23 —5136_1'(S 0 C13 0 0 1
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‘Lepton Mixing I

ik :

° Pe phase absorved in [;
-, phase absorved in /; (only possible if ; 1s Dirac)

o Urgp UEEP:I;),X;), but in general UEEP ULepFIN« N

e For example for 3 Dirac v’s : 3 Mixing angles + 1 Dirac Phase

1 0 0 C13 0 8136i5 Cc21 s12 O
Up =10 C23 523 0 1 0 —s12 c12 O
0 —so3 C23 —5136_’“S 0 C13 0 0 1

e For 3 Majorana v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0 0 C13 0 8136i5 ca1 si12 O 1 0 0
Uep = |0 C23 523 0 1 0 —S12 c12 O 0 el®2 0

0 —s23 c23 —5136_“S 0 C13 0 0 1 0 0 et?3
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\Effects of v Mass |

e Neutrino masses can have kinematic effects

e Also if neutrinos have a mass the charged current interactions of leptons are not

diagonal (same as quarks)

%W:Z (UszPE’)/“LI/j + UgKMW’y“LDj) + h.c.
1

Vj u.

—
ol
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e SM gauge invariance does not imply U (1), x U(1)r, x U(1)r, symmetry
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\Effects of v Mass |

e Neutrino masses can have kinematic effects

e Also if neutrinos have a mass the charged current interactions of leptons are not

diagonal (same as quarks)

—W+Z Vop By LV + Udger, Ui* LDY) + hec.

g q

e SM gauge invariance does not imply U (1), x U(1)r, x U(1)r, symmetry

e Total lepton number U(1)7, = U(1)re1, 41, can be or cannot be still a
symmetry depending on whether neutrinos are Dirac or Majorana
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* How many, /V, neutral states v; and their masses m;

1 for N =2
* Their mixing: # angles = ¢ 3 for N = 3
6 for N =4
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e To fully determine the lepton flavour sector we want to know:

* How many, /V, neutral states v; and their masses m;

1 for N =2
* Their mixing: # angles = { 3 for N = 3
6 for N =4
* Their CP properties:
0 for N =2
Dirac: v% # v # phases = 1 for N =3
3for N =4
1 for N =2
Majorana: v% = v — _
] # phases = 3 for N =3
Uolt/;aj _ UOE)jir w @ in; 6 for N =4
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e For “allowed” nuclear transitions, the electron spectrum is given by phase space alone
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T = E., — m., Q= maximum kinetic energy, (for ° H beta decay () = 18.6 KeV)
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‘Neutrino Mass Scale: Tritium 5 Decay I

e Fermi proposed a kinematic search of . mass from beta spectra in * H beta decay

SH —3 He+e+7,
e For “allowed” nuclear transitions, the electron spectrum is given by phase space alone

K(T) = \/Cclz]zY CpElF(E) X \/(Q ~T)/(Q~-T)*—m3
T = E., — m., Q= maximum kinetic energy, (for ° H beta decay () = 18.6 KeV)

e m, # 0 = distortion from the straight-line at the end point of the spectrum
my, =0 = T =@ K (T)
mu#o =4 TmaX:Q_mu

— At present only a bound:
P d meff = \/Zm?\UejP <22eV (at95%CL)

(Mainz & Troisk experiments)

— Katrin proposed to improve present sensitivity to mf rp~0.3eV
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\Neutrino M ass Scale: Other Channels |

Muon neutrino mass

e From the two body decay at rest
T — W+,

e Energy momentum conservation:

M = /P2 +m2 + /P2 +m
3:fm,72r+mi—2%—77%\/102—#77172T

m

e Measurement of p, plus the precise
knowledge of . and m,, = m,
e The present experimental result bound:

m,‘iﬁf = \/Zm?|UMj|2 < 190 KeV
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Muon neutrino mass Tau neutrino mass

e From the two body decay at rest e The 7 is much heavier m., = 1.776 GeV
T —u Uy, = Large phase space = difficult precision

e Energy momentum conservation: for m.,,

My = \/ pfb + mfb + \/ pfb + m? e The best precision is obtained from

2 __ ,m72T 4 mi —2+m, \/pg +m2 hadronic final states

v

m

e Measurement of p, plus the precise T —nw + v, withn >3

knowledge of i~ and m,, = m, e Lep I experiments obtain:
e The present experimental result bound:

off — 2017
mifS = \)> w2 U2 < 190 Kev| | = VDo mE|Un 2 < 182 Mo

\4
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Muon neutrino mass Tau neutrino mass

e From the two body decay at rest e The 7 is much heavier m., = 1.776 GeV
T —u Uy, = Large phase space = difficult precision

e Energy momentum conservation: for m.,,

My = \/ pfb + mfb + \/ pfb + m? e The best precision is obtained from

2 __ ,m72T 4 mi —2+m, \/pg +m2 hadronic final states

v

m

e Measurement of p, plus the precise T —nw + v, withn >3

knowledge of i~ and m,, = m, e Lep I experiments obtain:
e The present experimental result bound:

off — 2017
mifS = \)> w2 U2 < 190 Kev| | = VDo mE|Un 2 < 182 Mo

\4

= If mixing angles U, ; are not negligible

Best kinematic limit on Neutrino Mass Scale comes from Tritium Beta Decay
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Neutrino Mass Scale: v-less Double- Decay

. X /

(A, Z) = (A, Z+2) + e + e

P e_

v only for Majorana v’s

> e_

Sensitive to Majorana CP phases
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Neutrino Mass Scale: v-less Double- Decay

p

L

. > o
%4
v only for Majorana v’s

(A, Z) = (A, Z+2) + e + e
%4

\\ > e

n >
\\Sensitive to Majorana CP phases

p
e Amplitude involves the product of two leptonic currents: |[ey*Lv| ey Lv|

— If v Dirac = v annihilates a neutrino and creates an antineutrino
= no same state = Amplitude =0

— If » Majorana = v = v“ annihilates and creates a neutrino=antineutrino

1

= same state = Amplitude < v (v°)1 # 0

e Amplitude of v-less-(33 decay is proportional to |(1m..)| = |ZU oimj|
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Neutrino Mass Scale: v-less Double- Decay

p
] > /
w e
(Aa Z) — (Av Z + 2) +e +e v only for Majorana v’s
%4

> e_

n >
\\Sensitive to Majorana CP phases

p
e Amplitude involves the product of two leptonic currents: |[ey*Lv| ey Lv|

— If v Dirac = v annihilates a neutrino and creates an antineutrino
= no same state = Amplitude =0

— If » Majorana = v = v“ annihilates and creates a neutrino=antineutrino

1

= same state = Amplitude < v (v°)1 # 0

e Amplitude of v-less-(33 decay is proportional to |(1m..)| = |ZU oimj|

— Present bound:  |(m.)| < 0.35 €V +theor. uncert. < 1.05 eV (90% CL)

— Several proposed experiments to reach |(m..)| ~ 107? eV
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E mui has effects on. Unpolarized CMB ]T—l
o 11 e, 1
Cosmic Microwave DN E
Background Temperature 0% !
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Fluctuations : T
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Most recent from WMAP | ¢ = -
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Multipole 1
Large scale structure: e —— [0 4 =
. Matter power ]
— 2° Field Galaxy ) o f 2
. B ™ -2 w 1
Redshift Survey =
g -1 a 1
(2dFGRS) = N I
—Sloan Digital : N 0 x2|2000
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Tegmark et. al astro-ph/0310723
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E mui has effects on. Unpolarized CMB ]T—l
or 1Fr e, 1] =
. . 1 'U
Cosmic Microwave i a2
E ol . =
Background Temperature “) i 110 @ !
20 [ T 1[0] o, 0.1] T
Fluctuations : ] £
—_ E P L ] 0 fu 1 @)
% . E
3 X-polarized CMB 7 [ o2 O
Most recent from WMAP | ¢ 3 ] —
g -1 n O )
x +—
Tl 0 30 100 200 400 600 800 1000 1200 1400 1800 | O I\. Rl @£
Multipole 1
Large scale structure: - — - 110 A, 2 %
. Matter power ]
_ 2° Field Galaxy i o 2] &
. nE " -2 | w 1 S
Redshift Survey = —— =
= _ N
(2dFGRS) = o 0 h I 1 ‘_‘
—Sloan Digital : N 0 x2|2000 QE)
0.1 Loy
Sky Survey (SDSS) [1/0 e s
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‘ Neutrino Mass Scalein Cosmologyl

Z m,,. has effects on:

Cosmic Microwave
Background Temperature
Fluctuations

Most recent from WMAP

Large scale structure:
— 2° Field Galaxy
Redshift Survey
(2dFGRS)

—Sloan Digital

Sky Survey (SDSS)

1+ 1)C/2n{uke)

P(k) [(h~'Mpc)?]

Unpolarized CMB

Hr
X-polarized CMB

2 10 40 100 200

400 600 800 1000 1200 1400 1600
Multipole 1

104 |

108

T
Matter power

k [1/h-! Mpc]

= limit on Z m,,. depends on

prior and data used to constraint Z m,, < 0.7 — 2.1eV

other 12 parameters

Tegmark et. al astro-ph/0310723

Problem: 13 parameters to be determined!!

at 95 % CL
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e Mass basis (free propagation in space-time): v, /5 and vs ...

e In general interaction eigenstates # propagation eigenstates

U(V17V27V37 o ) — (Veay,LL’VT)
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= Flavour 1s not conserved during propagation
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flavour 3 has to depend on:

— Misalignment between interaction and propagation states (= U)
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e Flavour (= Interaction) basis (production and detection): v,, v, and v,

e Mass basis (free propagation in space-time): v, /5 and vs ...
e In general interaction eigenstates # propagation eigenstates
U(V17 Va,V3, .. ) — (Vea Vs VT)

= Flavour 1s not conserved during propagation
= v can be detected with different (or same) flavour than produced

e The probability I, 3 of producing neutrino with flavour v and detecting with
flavour 3 has to depend on:

— Misalignment between interaction and propagation states (= U)
— Difference between propagation eigenvalues
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\Effects of » Mass. Flavour Transitions |

e Flavour (= Interaction) basis (production and detection): v,, v, and v,

e Mass basis (free propagation in space-time): v, /5 and vs ...
e In general interaction eigenstates # propagation eigenstates
U(V17 Va,V3, .. ) — (Vea Vs VT)

= Flavour 1s not conserved during propagation
= v can be detected with different (or same) flavour than produced

e The probability I, 3 of producing neutrino with flavour v and detecting with
flavour 3 has to depend on:

— Misalignment between interaction and propagation states (= U)
— Difference between propagation eigenvalues
— Propagation distance
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e If neutrinos have mass, a weak eigenstate |v,) producedin/, + N —v, + N’

is a linear combination of the mass eigenstates (|1;))

V)= ZUM v;)
1=1

U 1is the unitary mixing matrix.
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e If neutrinos have mass, a weak eigenstate |v,) producedin/, + N —v, + N’

is a linear combination of the mass eigenstates (|1;))
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U 1is the unitary mixing matrix.

e After a distance L (or time t) it evolves

v (t)= ZUm\%(t»
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\Vacuum Oscillations |

e If neutrinos have mass, a weak eigenstate |v,) producedin/, + N —v, + N’

is a linear combination of the mass eigenstates (|1;))

V)= ZUM v;)
1=1

U 1is the unitary mixing matrix.

e After a distance L (or time t) it evolves

v (t)= ZUm\%(t»

e it can be detected with flavour 5 with probability

Pop = [(vp()va(0)1? = Y Uasllg; (vi() i (0))?

g=_



Physics of Massive Neutrinos Concha Gonzalez-Garcia

\Vacuum Oscillations |

Pop = [(vs()va(0)1? =1 > Uaslls (vi () i (0))?

1=1

e The probability



Physics of Massive Neutrinos Concha Gonzalez-Garcia

\Vacuum Oscillations |

Pop = [(vs()va(0)1? =1 > Uaslls (vi () i (0))?

1=1

e The probability

e We call ~; the neutrino energy and m; the neutrino mass
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\Vacuum Oscillations |

Pop = [(vs()va(0)1? =1 > Uaslls (vi () i (0))?

1=1

e The probability

e We call ~; the neutrino energy and m; the neutrino mass

e Under the approximations:

(1) |v) is a plane wave = |v;(t)) = € —rh v;(0))
- * * 7 . AZ * * 7 .
Paﬁ = 5a5 — 4ZR6[UQiU5¢UajU5j]Sln2 (#) + QZIm[UQiUﬁanjUﬁj]Sln (Aw)

JFi JFi

with Aij = (Ez — Ej>t
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\Vacuum Oscillations |

Pop = [(vs()va(0)1? =1 > Uaslls (vi () i (0))?

1=1

e The probability

e We call ~; the neutrino energy and m; the neutrino mass

e Under the approximations:

(1) |v) is a plane wave = |v;(t)) = € —rh v;(0))
- * * 7 . AZ * * 7 .
Paﬁ = 5a5 — 4ZR6[UQiU5¢UajU5j]Sln2 (#) + QZIm[UQiUﬁanjUﬁj]Sln (Aw)

JFi JFi

with Aij = (Ez — Ej>t

(2) relativistic v

m2

Ei:\/p?+m?2pi+2Ef
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\Vacuum Oscillations |

Pop = [(vs()va(0)1? =1 > Uaslls (vi () i (0))?

1=1

e The probability

e We call ~; the neutrino energy and m; the neutrino mass

e Under the approximations:

(1) |v) is a plane wave = |v;(t)) = € —rh v;(0))
JFi JFi
with Aij = (Ez — Ej>t
(2) relativistic v
m2

E; = \/p?+m§ ~pit oo

(3) Assuming p; >~ p; =p >~ F
2 2
Bij _qgpmi=my L/E

2 eV2  Km/GeV
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e The oscillation probability:

- * * 7 s Ajj * * 7 s
Pog = s — 4ZRe[UmUmUajUﬁj]sm2 (f) 42 Zlm[UmUmUajUﬁj]sm (Aij)
JF#1 Ve
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\Vacuum Oscillations |

e The oscillation probability:

. * * 1 .- Ajj * * 1 .-
Pog = s — 4ZRe[UmUmUajUﬁj]sm2 (f) 42 Zlm[UmUmUajUﬁj]sm (Aij)
JF#1 Ve
Ay _ (Bi—Ej)L _ 1 27(m?_m?) L/E
2 2 - eV? Km/GeV

— The first term 8,5 — 4 Y Re[U*.Ug, U, UZ.Jsin? [ —Z equal forv (U — U")
I] ot B J~ Bj 9

£
7 —s conserves CP
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\Vacuum Oscillations |

e The oscillation probability:

. * * 1 .- Ajj * * 1 .-
Pog = s — 4ZRe[UQiUmUajUﬁj]sm2 (f) 42 Zlm[UmUmUajUﬁj]sm (Aij)
JF#1 Ve
Ay _ (Bi—Ej)L _ 1 27(m?_m?) L/E
2 2 - eV? Km/GeV

— The first term d,p5 — 4 ZR@[UéiUﬁanjUEj]SiHQ (7‘7> equal forv (U — U”)
I7 — conserves CP
— The last piece 2 ZIm[Uéi UpiUqjUj;lsin (A;;) opposite sign for 7

J7 — violates CP
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\Vacuum Oscillations |

e The oscillation probability:

- * * . AZ * * .
Pap = 6ap — 4 ) Re[U5;UpiUa;Uj;lsin® (f) +2) Im[Uz;UpiUq; U, lsin (Aij)

j#i g7t
Ay (BEi—Ej))L _ 1 27(m?_m?) L/E
2 2 o eV? Km/GeV
- * * Va2 Aij o *
— The first term 5a5—4ZR6[UaiU5anjUﬁj]sm - equal forv (U — U™)
J#i

—s conserves CP

— The last piece 2 ZIm[UéiUganj Uj;]sin (A;;) opposite sign for 7

i — violates CP
e /’, 3 depends on Theoretical Parameters and on Two Experimental Parameters:
e Am7; = m; —m; The mass differences e I/ The neutrino energy
o U, The mixing angles e [, Distance v~ source to detector

(and Dirac phases)
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\Vacuum Oscillations |

e The oscillation probability:

- * * . AZ * * .
Pap = 6ap — 4 ) Re[U5;UpiUa;Uj;lsin® (f) +2) Im[Uz;UpiUq; U, lsin (Aij)

j#i g7t
Ay (BEi—Ej))L _ 1 27(m?_m?) L/E
2 2 o eV? Km/GeV
- * * Va2 Aij o *
— The first term 5a5—4ZR6[UMU5anjU5j]sm - equal forv (U — U™)
J#i

—s conserves CP

— The last piece 2 ZIm[Uéi UpiUqjUj;lsin (A;;) opposite sign for 7

i — violates CP
e /’, 3 depends on Theoretical Parameters and on Two Experimental Parameters:
e Am7; = m; —m; The mass differences e I/ The neutrino energy
o U, The mixing angles e [, Distance v~ source to detector

(and Dirac phases)

e No information on mass scale nor Majorana phases
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cos 6 sin 0

e For2-v: U =

—sin@ cosd

1 _Posc
< N=mE/(1.27 Amﬁ%

P..= sin2(20) sin? (AE;L> Appear

P,.,.=1—P,.. Disappear 5 /
o8¢ sin?2

L (distance)
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cos 6 sin 0

e For2-v: U =
—sinf cos6@
1_POSC
Pyse = sin (29) sin (A4E ) Appear = E/(1.27 a7
Paa — 1 - Posc Disappear P /
o% sin?2

L (distance)

e Am? — —Am? and 0 — —0 + % is only a redefinition 1, < 15
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\Z-V Oscillations |

cos 6 sin 0

e For2-v: U =

—sin@ cosd

1= Posc

Pyse = sin (29) sin (A4E ) Appear = E/(1.27 a7

P,.,.=1—P,.. Disappear 5 /
o% sin’2

L (distance)

e Am? — —Am? and 0 — —0 + % is only a redefinition 1, < 15

= We can chose the convention Am? > 0and 0 < 0 < %

e Moreover P, is symmetric under Am?* — —Am? or § — —0 + 5
= We can chose the convention Am? > 0and 0 < 6 < %

This only happens for 2v vacuum oscillations
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sin®(26) sin? (
o Posc

1

\Z-V Oscillations |

Am?L
E

) Appear
Disappear
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POSC

\/
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L (distance)
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1-Pa \

2 2
P,.. = sin?(20) sin” (Am L) Appear < \=rE/(1.270m") >

E

P,.,.=1—-P,.. Disappear 5 \/
os¢ sin?2

L (distance)

e In real experiments
. ] 1—(sin’219)/2
neutrinos are not monochromatic <T=Pec>
dd
= (Pap)= [ dE,J5-0cc(E))Pap(E,) <P >
v (sin?28) /2

L (distance)
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\Z-V Oscillations |
1-Pa \

2 2
P,.. = sin?(20) sin” (A”é L) Appear < \=rE/(1.270m") >

P.,.=1— P, Disappear \/
% sin’2

L (distance)

e In real experiments
. ] 1—(sin’219)/2
neutrinos are not monochromatic <T=Pec>
dd
= <Pa5>: f dE, JE.0CC (E,)P.s3(E,) <P>
(sin’28)/2

e Maximal sensitivity for Am? ~ F/L L (distance)
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\Z-V Oscillations |
> \

2 2
P,.. = sin?(20) sin” (A”é L) Appear < \=rE/(1.270m") >

P.,.=1— P, Disappear \/
ose sin’2

L (distance)

e In real experiments
. ] 1—(sin’219)/2
neutrinos are not monochromatic <T=Pec>
dd
= (Pap)= [ dE,J5-0cc(E))Pap(E,) <P >
v (sin?28) /2

e Maximal sensitivity for Am? ~ F/L L (distance)

~ Am? < F/L = No time to oscillate
= (sin® (1.27TAM2L/E)) ~ 0 — (P,s.) ~ 0



Physics of Massive Neutrinos Concha Gonzalez-Garcia

\Z-V Oscillations |
> \

2 2
P,.. = sin?(20) sin” (Am L) Appear < \=rE/(1.270m") >

E

P.,.=1— P, Disappear \/
ose sin’2

L (distance)

e In real experiments
. ] 1—(sin’219)/2
neutrinos are not monochromatic <T=Pec>
dd
= (Pap)= [ dE,J5-0cc(E))Pap(E,) <P >
v (sin?28) /2

e Maximal sensitivity for Am? ~ F/L L (distance)

~ Am? < F/L = No time to oscillate
= (sin® (1.27TAM2L/E)) ~ 0 — (P,s.) ~ 0

~Am? > F/L = Averaged oscillations
= (sin® (1.27Am?L/E))

2



Restes de la
Supernova 1987A

Sourcesof 's .

Py = 330 /cm?
E, =0.0004 eV

dLarth — 6 % 1019 /cm?s Atmospheric /s
B, ~ 0.1-20 MeV VerUps Des U

Human Body ®, ~ 1lv/cm?s .
®, = 340 x 10°v/day -/ /\

Nuclear Reactors
E, ~ few MeV

e i
[ Fermilab
= (9

Cxscovering the Natuve of Nafure

Earth’s radioactivity Accelerators Y ~zELEED
b, ~ 6 x 10%/cm?s E, ~0.3-30 GeV KEK
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To allow observation of neutrino oscillations:

— Nature has to be good: ¢ << 0

L
— Need the right set up (=right <E>) for Am?

Source E (GeV) L (Km) Am? (eV?)

Solar 103 107 10— 10

Atmospheric  0.1-107 10-10° 10=1-10—4
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To allow observation of neutrino oscillations:

— Nature has to be good: ¢ << 0

L
— Need the right set up (=right <E>) for Am?

Source E (GeV) L (Km) Am? (eV?)
Solar 10—? 107 10~10
Atmospheric  0.1-107 10-10° 10=1-10—4
Reactor 107%  SBL:0.1-1 1072-10"°

LLBL: 10-102 10~4-10"°
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To allow observation of neutrino oscillations:

— Nature has to be good: ¢ << 0

L
— Need the right set up (=right <E>) for Am?

Source E (GeV) L (Km) Am? (eV?)
Solar 1073 107 1010
Atmospheric  0.1-107 10-10° 10=1-10—4
Reactor 1073 SBL: 0.1-1 10~2-10—3
LBL: 10-102 10~4-107°
Accelerator 10 SBL: 0.1 > 0.01
LBL: 10%-10° 102-1073

Concha Gonzalez-Garcia
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e Due to SM Weak Interactions

o Ly
GeV

e Let’s consider for example atmospheric v's?

o’? ~ 107 3%cm
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e How many interact? In a human body:
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Ning = @, X 077 X Nprot X Tife (M x T = Exposure)

human
NI];TOTC?QIS — M o X N = 80kg x Na ~ 5 x 10*®*protons Exposurenuman

Thuman — 80 years = 2 x 107 sec ~ Ton X year



Physics of Massive Neutrinos Concha Gonzalez-Garcia
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e Due to SM Weak Interactions

E,
GeV

o’P ~ 1038 cm?

e Let’s consider for example atmospheric v's?

O™ — 1 ppercm? persecond and  (E,) =1 GeV

e How many interact? In a human body:

. L vp human human
Ning = @, X 077 X Nprot X Tife (M x T = Exposure)

NI];TOTC?QIS — Mh;;nan x Na = 80kg x Ns ~ 5 x 10*®protons Exposurenuman
Thuman — 80 years = 2 x 107 sec ~ Ton X year

Nine = (5 x 10%%) (2 x 10?) x 107%® ~ 1 interaction per lifetime
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\u | nter actions |

e Due to SM Weak Interactions

E,
GeV

e Let’s consider for example atmospheric v's?

o’P ~ 1038 cm?

O™ — 1 ppercm? persecond and  (E,) =1 GeV

e How many interact? In a human body:

v human human
Nint:q)yxo-pXN ><CZ_Vlife

prot (M x T = Exposure)

human
NI];TOTC?QIS — M o X N = 80kg x Na ~ 5 x 10*®*protons Exposurenuman
Thuman — 80 years = 2 x 107 sec ~ Ton X year

Nine = (5 x 10%%) (2 x 10?) x 107%® ~ 1 interaction per lifetime

—> Need huge detectors with Exposure ~ KTon x year
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‘u Oscillations: Experimental Probes I

e Generically there are two types of experiments to search for v oscillations :

Disappear ance Experiment

V detector detector
Vosource 4 Va©F

—L—~ %, Py 1
- L >

I
Compares ®,, and @, tolook for loss
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‘u Oscillations: Experimental Probes I

e Generically there are two types of experiments to search for v oscillations :

Disappear ance Experiment Appear ance Experiment
v, sour ce v d(letector Vadﬁector v, sour ce v.. detector
. ; ; N ; B Searches for
~ ~ N Bdiffa
L~ % Pa B L B
- L -

I
Compares ®,, and @, tolook for loss
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‘Atmospheric Neutrinos I

Atmospheric v, ,, are produced by the interaction of cosmic rays (p, He ...) with the

atmosphere

NV+ N_
Rue o+ 2
N+ Ny
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‘Atmospheric Neutrinos. Data I

EVENT CLASSIFICATION

CONTAINED UPGOING MUONS

/ H
eH

Ve,p
"./ B VH ‘-_-“ Vu .:.'. Vu .“"
Full Partially Sto': -

. : pping Thru-going.
Con¥a| ned Containéd M Lon M ton

Ev 0.1-few GeV few Gev few 10GeVv few 100 GeV
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‘Atmospheric Neutrinos. Data I

EVENT CLASSIFICATION

CONTAINED UPGOING MUONS

/ u
eu

vV

e
"'" - \)L1 ".-_“ \)u '::" Vp .““.
E%'r'&'aj ned Cpﬁtté?rqu Stopping Thru-going.

Muon Muon
Ev 0.1-few GeV few Gev few 10GeVv few 100 GeV

e Total Rates for Contained Events

e 1.5
o ¥ FREJUS
s
xx
< +
@
D} i + IMB . +
05 + ; +
r NUSEX SOUDAN2 KAM  KAM sk . SK
r multi sub multi sub
0 B 990 days
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Atmospheric Neutrinos: Data

down-going

[not to scale] / p. He

EVENT CLASSIFICATION e Angular Distribution at SK 7 7

ViV Ve
detector - e

L =500 km

/
/ zenith

CONTAINED UPGOING MUONS _ _

/ "
eu

Ve,p

vp“.__“ v, Vo,
Full Partially . oy

Con¥aj ned Contained S%\(/ID?JF())Ir?g Thrk‘/l 88|nng
Ev 0.1-few GeV few Gev few 10GeVv few 100 GeV

o
S
=

Ve 1n agreement with SM

Number of Events
(=)
[—]

e Total Rates for Contained Events

SR Y
S <o
T

1.5

=
'
T

u/e

FREJUS

+|MB
++++*+

NUSEX SOUDAN2 KAM  KAM sk . SK
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w

th/e/ R

0.5

p—

Flux(lO'mcm'zs'lsr'l)

=

P R AN AR A
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cosO cosO
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Atmospheric Neutrinos: Data

down-going

[not to scale] //p He

EVENT CLASSIFICATION e Angular Distribution at SK [

ViV Ve
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/
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‘Atmospheric Neutrinos. Data I

[not to scale] \ //p e
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‘Atmospheri(:u Oscillations. Parameter Estimate |

e From Total Contained Event Rates:

FREJUS

g R
- NUSEX SOUDAN2 KAM  KAM sk . SK
r multi sub multi sub
990 days
Am?L
.2 . 2 m
(P,,) = 1—sin”20sin

Y

0.5 —0.7

= sin® 26 > 0.6

2F

e From Angular Distribution:

L~ 13000Km  ~ 500Km ~ 15Km
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‘Atmospheric v Oscillation Solution: v, — v, I

) Best fit:
: : Am? =22 x 1072 eV?
N E tan?6 = 1
< WF ;
5°F - CL
1;_ _; 30
0 : 111 | | 111 | | | .| | 111 |:
0.3 0.5 1 2 3
tanze 95

90



Physics of Massive Neutrinos Concha Gonzalez-Garcia

\u Oscillations: Lab Searches at Short Distance |




Physics of Massive Neutrinos Concha Gonzalez-Garcia

\u Oscillations: Lab Searches at Short Distance |

e In laboratory experiments  source: Accelerator or Nuclear Reactor




Physics of Massive Neutrinos

Concha Gonzalez-Garcia

\u Oscillations: Lab Searches at Short Distance |

e In laboratory experiments  source: Accelerator or Nuclear Reactor
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\u Oscillations: Lab Searches at Short Distance |

e In laboratory experiments  source: Accelerator or Nuclear Reactor

Appear ance Experiment

v Source Vg detector
Searchesfor
" ” " g Bdiffa
- L -

Experiment <E£1>A£V> a f
CCFR 100 FNAL Vi, Ve Vs
E531 25 FNAL Vy, Ve Ur
Nomad 13 CERN Vi, Ve Vr
Chorus 13 CERN Uy, Ve Vs
E776 2.5 BNL Vy Ve
Karmen?2 2.5 Rutherford 7, 7.
LSND 3 Los Alamos v, Ve
Miniboone 3 Fermilab Vy Ve



Physics of Massive Neutrinos

Concha Gonzalez-Garcia

\u Oscillations: Lab Searches at Short Distance |

e In laboratory experiments  source: Accelerator or Nuclear Reactor

Appear ance Experiment

v Source Vg detector
Searchesfor
" ” " g Bdiffa
- L -

Experiment <E£1>A£V> a f
CCFR 100 FNAL Vi, Ve Vs
E531 25 FNAL Vy, Ve Ur
Nomad 13 CERN Vi, Ve Vr
Chorus 13 CERN Uy, Ve Vs
E776 2.5 BNL Vy Ve
Karmen?2 2.5 Rutherford 7, 7.
LSND 3 Los Alamos v, Ve
Miniboone 3 Fermilab Vy Ve

Disappear ance Experiment

VO(SOUI'Ce

Va detector

v_detector
ST

<_|—|_> CDO(I

-

)

all

L

Y

Compares ®,, and @, tolook for loss
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\u Oscillations: Lab Searches at Short Distance |

e In laboratory experiments  source: Accelerator or Nuclear Reactor

Appear ance Experiment

Disappear ance Experiment

V detector
vV source o

I Vadﬁector

<_|—|_> CI)O(I P

all

v Source Vg detector
Searchesfor
" ” " g Bdiffa
- L -

Experiment <E£1>A£V> a f
CCFR 100 FNAL Vi, Ve Vs
E531 25 FNAL Vy, Ve Ur
Nomad 13 CERN Vi, Ve Vr
Chorus 13 CERN Uy, Ve Vs
E776 2.5 BNL Vy Ve
Karmen?2 2.5 Rutherford 7, 7.
LSND 3 Los Alamos v, Ve
Miniboone 3 Fermilab Vy Ve

L -

Compares ®,, and @, tolook for loss

E/MeV>

Experiment (=7 Q
CDHSW 14 CERN v,
Bugeylll 0.05 Reactor v,
Chooz 0.005 Reactor v,
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‘LSND I

e The only short distance signal for oscillation: . = 30 m with (£,,) ~ 30 MeV

e Used the proton beam of Los Alamos p + Target — 7w + X
_|_

I Ve

+ +,, o
p— et v v,
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e observed 7/,, — 7/, with probability (/)= (

I
ey

—
(2]

A’ [eV

162

1

‘LSND I

e The only short distance signal for oscillation: . = 30 m with (£,,) ~ 30 MeV
e Used the proton beam of Los Alamos p + Target — 7w + X

Concha Gonzalez-Garcia
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‘LSND I

e The only short distance signal for oscillation: . = 30 m with (£,,) ~ 30 MeV

e Used the proton beam of Los Alamos p + Target — 7w + X
_|_

I Ve

+ +,, o
p— et v v,

e observed 7, — 7. with probability (F.,,)= (0.26 £ 0.07 = 0.05)%

i)

MiniBoolMNE =inglc haorp

A’ [¢

LSND 199398 | §owe ] R
rafx(ihe}-2.3/4.6 Inll-uni

107 107> 10t

sin” 26

e [{armen which searched for the same signal and did not observe oscillations.
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‘LSND I

e The only short distance signal for oscillation: . = 30 m with (£,,) ~ 30 MeV

e Used the proton beam of Los Alamos p + Target — 7w + X
_|_

I Ve
pt—et v,

e observed 7, — 7. with probability (F.,,)= (0.26 £ 0.07 = 0.05)%

o 10 2 , .
MiniBoolMNE =inglc haorp

10 SN 10 58
tufx(lhid}-2.3/4.8 Inli-units

107 107> 10t

A’ [¢

sin® 281
e [{armen which searched for the same signal and did not observe oscillations.
e \liniBoone in Fermilab is/has been running to solve this.
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e Search for v, — v, with £, = 0.3 —2 GeV and L = 540 m

Observed spectrum of v,

Excluded region

-] i2voscillation 10°
25 EI analysis threshold e MiniBooNE data
C : - expected background
> 2.05_-f_- : .-« BG + best-fit v, - v,
= C_ } — v, background 10
o 1.5F .
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2 1.0 %
- o
o >
05— ; o 1
- : . &
C : £
I 3
- : e data - expected background
> 0.8 : )
g C : ---. best-fit v, - v, 0"
- : 10
% 0.6 : — sin?(20)=0.004, Am?=1.0 eV?
S ; E — sin?(20)=0.2, Am?=0.1 eV?
> C :
o 04— | :
0 - T
S I O — 2
R T =
SRS RS Cnieie (A A —t—]
0.0 - : | l % _*_%.
300 600 900 1200 1500 3000

reconstructed E, (MeV)

Based on this analysis LSND Excluded at 90-98% CL by MiniBooNE.

[] LSND 90% C.L.
[ ] LSND 99% C.L.

sin?(26) upper limit

— MiniBooNE 90% C.L.
---- MiniBooNE 90% C.L. sensitivity
— BDT analysis 90% C.L.

102 10" 1
sin®(26)
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‘Summary of Searchesat Short Baseline |
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‘Summary of Searchesat Short Baseline |

o~ = — T o~
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e Reactor disappearance experiments
= Lower E and longer L
= are more sensitive to lower Am?
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‘Summary of Searchesat Short Baseline |
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e Reactor disappearance experiments
= Lower E and longer L
= are more sensitive to lower Am?

e Accelerator appearance experiments
= higher E shorter L more precision
= better limits on mixing
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‘Summary of Searchesat Short Baseline |
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e Reactor disappearance experiments e To reach small Am? > 10~% eV?
= Lower E and longer L = very large L and intermediate E
., 2 .
= are more sensitive to lower Am = Long Baseline Exp at Accelerators

e Accelerator appearance experiments
= higher E shorter L more precision
= better limits on mixing
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‘Summary of Searchesat Short Baseline |
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e Reactor disappearance experiments

= Lower E and lon

— are more sensitive to lower Am?

e Accelerator appearance experiments
= higher E shorter L more precision
= better limits on mixing

ger L

Am? (eV?/c?)

10

90% C.L. - CHOO

10"

e To reach small Am? > 104 eV?

= very large L and intermediate E

= Long Baseline Exp at Accelerators

e To reach smaller Am? > 107> eV?

= Long Baseline Exp at Reactors
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K2K v, at KEK SK L=250 km
MINOS | v, at Fermilab Soundan | L=735 km
Opera v, at CERN | Gran Sasso | L=740 km

K2K 2004: spectral distortion
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K2K 2004: spectral distortion
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K2K
MINOS
Opera

v, at KEK
v, at Fermilab
v, at CERN

SK
Soundan
Gran Sasso

=250 km
L=735 km
=740 km

MINOS 2006: spectral distortion
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e Oscillations are due to:

— Misalignment between CC-int and propagation states: Mixing = Amplitude
AT
Am?

— Difference phases of propagation states = Wavelength. For Am?-OSC \ =
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Altenative Oscillation M echanisms

e Oscillations are due to:
— Misalignment between CC-int and propagation states: Mixing = Amplitude

: : 4B
— Difference phases of propagation states = Wavelength. For Am?-OSC \ = A3
m
e » masses are not the only mechanism for oscillations
D : . s
Violation of Equlvalence PI‘IHClple (VEP): Gasperini 88, Halprin,Leung 01 A\ = W
Non universal coupling of neutrinos 1 # -2 to graviational potential ¢ i
Violation of Lorentz Invariance (VLI): Coleman, Glashow 97 \ = 2
2
Non universal asymptotic velocity of neutrinos c¢1 # co = F; = 7;}; + cip Elc
Interactions with space-time torsion: Sabbata, Gasperini 81 \ = 2_7T
QAk

Non universal couplings of neutrinos ki # ks to torsion strength ()

Violation of Lorentz Invariance (VLI) Colladay, Kostelecky 97; Coleman, Glashow 99

due to CPT violating terms: nggﬁmug = F; = 7;: + b; \ = iQ_W
Ab
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\ATM V'S, Subdominant NP Effects |

w

R cos 20 = cos 20 + Z R, cos2&,

R sin 20 :Sin29—|—ZRnsin2€neinn O

0.9
0.8

R, =0
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0.4 b

e Questions:

— Do these effects affect our determination of oscillation parameters?

— Can we limit these effects?

Concha Gonzalez-Garcia
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ATM v’'s. Subdominant NP Effects

MCG-G, M. Maltoni 04,07
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‘Future Bounds on New Physics. v Telescopes |

At v Telescopes (Amanda, Antares, IceCube)

Ey thres = 100 GeV

Large # ATM v/'s

(~ 10°v,, events/yr at ICECUBE)
= Standard oscillations suppressed

= Better sensitivity to Oscillations due to NP

0sC
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‘Summary || I

o If m, # 0 — Lepton Mixing= breaking of L., x L, x L,

e From direct searches of v-mass: m, < O(eV)
e Neutrino masses and mixing = Flavour oscillations

e Experiments observing oscillations = measurement of Amgj and 0,

e Atmospheric, K2K and MINOS (+ negative SBL searches)
= v, — v; with Am? ~ 2 x 107 eV# and tan® § ~ 1

e Possible alternative oscillation scenarios due to non-universal VLI, VWEDP, etc...
But Strongly Constrained from Existing Oscillation Data



