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- Daiscovery of neutrino
8 BetaDecay (A,Z2)— (A, Z+1)+e %
 Beta energy E.=M(A,Z)— M(A,Z +1)
docny stecrana o 0
>~ N ' But the beta decay spectrum /
f : 75 seen to be continuous
; 0 02 04 06 08 10 12 ;
'; ) Kinetic energy, MaV S
S Do we give up energy conservation? 8



Discovery of neutrino
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Liebe Radicaktive Damen umd Herrem,

Wis dar Usbarbringer dissar Zellan, den ich Imldvollast
ansuhdren bitte, Ihnan des nEharen sussinsndersetsen wird, bin ioh
angesichts der "felachen®™ Statlatik dor Ne und Li-6 Eerne, sowie
des kontimierliche bete-Spektrums puf olner varsweifelten Aueweg
varfallen um den "Woohselsate® (1) der Statfstik und den Energienats
su retian, Mimlich dis MGglichkeit, ea kintsn elaktrisch nsutrale
Telloben, H.e iah Neutronen nemnan will, in den Iernen existieren,
welshe dem Spin 1/2 haban und das aupschlisesungaprinsip befolgen und
‘wheh von ldchtquanten musserdam noch dadirch woterscheidmn, dass oie
g:it Lichtgesawindt gkeit laufen. Die Hamse der Neutronen

vor derzwlben (Xosmendrdmung ¥is dis Elektroneossesse soin wl

s nioht grosser als 0,0] Protonamamsns;~ Dam kontimuierliiche
Spektrum wire dann warstindlich unter der Atmalme, dass bein
boba~Zarfell mit dem slektron jeweils noch ein ¥eutron ewjttiert
wed, deward, dass dle Sumne der Enorglen von Neutron und klektron
konatant ist.
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Discovery of neutrino
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: Discovery of neutrino
= This new particle was postulated to be light with %
2 spin 1/2 and no charge in order to conserve energy
= momentum in nuclear beta decay and was called neutron 5
2 In 1932 the neutron was discovered and it was clear that
®  this was different from Pauli’s proposed particle <
%  Fermi proposed the name neutrino for the new particle
@ Being chargeless, neutrinos have only weak interactions,
®  making their detection difficult
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Discovery of neutrino
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The Standard Model

Three generations
of matter (fermions)

No right-handed neutrinos

B X L x L,, X L, Symmetry

Neutrinos were postulated
to be massless in the SM

Gauge bosons
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Neutrino Mass

Dirac Mass Term -

Add to the SM vr which can give a Yukawa term Z
Y = —Yy¢rvpdp+hc (¢ =1img")

After spontaneous symmetry breaking we get a Dirac mass B
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term for the neutrinos .;,
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_LI]/WCLSS = v Mpvp + h.c.
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Neutrino Mass
2 o 2
Majorana Mass Term z
o ® A natural way to obtain small Majorana masses is to write o
Sa down a 5-dimensional operator <
:: Weinberg’79 :i
= | %
> —/, =0C; n LLHH + h.c. ~
/’: 5 9 4
/ e L C’/ v //
2 T
2 ® For C2 ~ 1, one gets m, ~ 0.1 ¢V when A ~ 10 GeV :j.
] #® s this an indication of new physics at a higher scale? g
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(SMALL) Neutrino Mass

The Seesaw Mechanism

® High scale corresponds to a heavy particle which gets

integrated out = 5-dim effective operator suppressed by the
mass of the heavy particle
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Neutrino Mass

The Seesaw Mechanism

$» Ways to generate a gauge invariant term from the SM .
doublets L and H: 2®2=3&1 s

{ ® Typel: L and H form a SU(2) singlet 7
Z » Mediated by a heavy SU(2) singlet fermion with Y=0 %
{ ® Typell: L and L form a SU(2) triplet y
e » Mediated by a heavy SU(2) triplet scalar with Y=1 %
’j‘; ® Type Ill: L and H form a SU(2) triplet
o » Mediated by a heavy SU(2) triplet fermion with Y=0 %
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Neutrino Mass

Type | Seesaw

® Introduce heavy right handed neutrinos Np ~ (1,1,0)
S 1
—Lyv =Y, LHNg + §MNN§NR + h.c.

H ~ + H
N /
N /

0 oY,

N NR .l
YI/T >—> <+—< Yl/ Ml/ —
/ \\ vY, Mg
L L

Minkowski’77
Yanagida’79, Gelmann, Ramond, Slansky’79

Glashow’80, Mohapatra, Senjanovic’80
® Fits naturally in 16 of SO(10) GUTS

® Scale of My ~ 10 GeV very naturally

® At least 2 RH neutrino required
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S eutrino Mass %
.‘/—) ! ;/
= Type Il Seesaw
% 34
— . 4
= ® Introduce heavy scalar triplet A ~ (1,3,1) <
e — L = YALTC Yoy AL + MiTT(ATA) -+ ,LLHTz'UgATH + ... i
- 4
= H H 8

N 7 >
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b N 7 J/
» T 5t /2 5t+ ;
':r" | A = 0 "’
S A ) —5t /2 A
! (
S Y '
(rl .
A L L Konetschny, Kummer 77, Chen,Li ’80, Magg, Wetterich ’80 <
X Schecter,Valle ’80, Lazarides,Shafi,Wetterich ’81,
Y o
A Mohapatra,Senjanovic ’81 4
/= ® Basically Seesaw of the A VEV vp 2
Ve
-2 : : . %8
= ® Fits naturally in L-R symmetric models %
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Neutrino Mass

g Type lll Seesaw -/

® Introduce heavy fermion triplets Xz ~ (1,3,0) 3
. 1 o
= —Ly =YsLH>p + §METT(Z%ER) + h.c. >
> H - H )
S D I $0/v/2 T+ 7
, Yg > — Yz Y= /\/_
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Neutrino Mass

The dim 5§ Majorana mass term can be generated
by loops, in extensions of the SM. The loop suppression

explains the smallness of neutrino masses
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z . . . .
< Neutrino Oscillations
8 Neutrinos are produced by weak charged current interaction g
; For example: ©™ — pu™ + v, as flavor eigenstates
8 Thewr propagation is defined in terms of mass eigenstates

; The flavor eigenstates can be written as a linear y
& combination of the mass eigenstates s
:;‘ n ‘:
; ‘Voz> 7 ZU(M‘VZ'> ;
> i=1 <
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Neutrino Oscillations
8 After time t or distance L, the state evolves to %
" |y(t)> = Z Uaie—iEz‘t Vz'> f/
/{ = | %
’:_ Neutrinos are detected by weak charged current interaction
&  [or example: vy + N — p~ + N' a5 flavor eigenstates
§  Probability that the detected flavor is vg
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' Neutrino Oscillations in Two Generations
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Neutrino Oscillations

Assume that there are two generations of massive neutrinos

cos 0 sin 6
[ —

—sinf cosd@

0<0<Z

Two neutrino approximation

1.0
# Flavor Eigenstates # Mass Eigenstates osj
|

v, = cos bt vy + sin 0 v3 e

= 06/

s

e \

. | £ 04
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Neutrino Oscillations
~  Assume that there are two generations of massive neutrinos £

7 — cosf sinéb 0<0< % ;
—sinf cosb

e N AN N N S B
PG [EAANE Ot

' Neutrino Oscillations in Two Generations «

No dependence on the sign of Am? |

# Flavor Eigenstates # Mass Eigenstates

v, = cos bt vy + sin 0 v3

/

No dependence on the octant of theta

—q Vs
’LE3 v,

No possibility of any CP violation |

s
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v,(t) = cosfe v +sinfe
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Am? [
P, =1 — sin? 260 sin?
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. Matter Effects in nu osc

-~ Assume that there are two generations of massive neutrinos

(&
Z
v

v v
e
Ve, Vy,Vr e, N only ve

v
‘ Z
K8 % s Tt
e, N

2a Aehdezi Ades S S e he:

Modifies the mass matrix of the neutrinos

S e s 1
» V. A2E cos 26 A2E sin 260 V= \/§GF(N€ o2 §Nn -

ADRSLLAIDS

;“ Am?2 - Am?

= Sin 29 VX COS 29 1

2 2 N %
IS
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Matter Effects in nu osc

Assume that there are two generations of massive neutrinos

Modifies the mass matrix of the neutrinos 1 %

s e Ve = V2Gp(N. — =N,) |

Ve + &2-cos 20 21 sin 20 12 '
2 2 st == —\/§G ~N
Am-sin 20 Vx — &%= cos 26 = S

Am? sin 26
\/(Am2 cos 20 — 2v/2GrN.E)? + (Am?2 sin 20)2

AmeCOSQ*H:Z\/ﬁGFNeE » i =]

sign  octant MSW Resonance

sin® 20, =




Matter Effects in nu osc

Assume that there are two generations of massive neutrinos

Modifies the mass matrix of the neutrinos | |
Am2 N Ve = \/iGF(Ne - _Nn) .
e o >—sin 26 12 |
Vx = —V2Gr=N
AQ”E"’Z sin 26 Vx AQ”; cos 20 < L2 el
Am? sin 20
sin® 26, = AR

\/(Am2 cos 20 — 2v/2G N E)2 + (Am?2 sin 260)2

We need more than 2 gen for CP violation, and we do have 3 gen of neutrinos at least
Ame cos 20 = 2v/2GpN.E * vt =i

sign  octant MSW Resonance
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| Solution to the Solar Neutrino
5 Problem ;’j
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Soln to Solar nu Problem

NUFIT 2.0 (2014)
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Atmospheric Nu Parameters
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Reactor Experiments
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Issue with the reactor fluxes

Gonzalez-Garcia, Maltoni,Schwetz, 1409.5439

NUFIT 2.0 (2014)
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Three Flavor Oscillations

Flavor Eigenstate Mass Eigenstate

PMNS Mixing Matrix
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Three Flavor Oscillations
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The Unknowns
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Results of Global Analyses

Normal Ordering (Ax* = 0.97)

Inverted Ordering (best fit)

Any Ordering
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Results o { Global Analyses
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Hioh Energy Neutrinos at IceCube '

The 3 PeV events are shower events

The leV events have tracks to shower in the ratio of 1.4
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Future

Many on-going and proposed projects %

Mazn physics goals to be probed are the neutrino mass 2
ordering and CP violation and measurement of the

CP phase >
There could be new physics biding bebind the dominant  §

the mass-driven dominant flavor oscillations
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Solar Nu Parameters

NUFIT 2.0 (2014)

Gonzalez-Garcia, Maltoni,Schwetz, 1409.5439
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Solar Mixing ole

= | This determines the mixing angle thetai2
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Reconciles solar with KamILLAND

Fogls, Lisi, Marrone, Palazzo,Rotunno, 0806.2649
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Solar Mixing Angle

/ Gonzalez-Garcia,Maltoni,Schwetz, 1409.5439
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Solar D/N effect at SK
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Solar D/N effect at SK
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Results of Global Analvses

LBL Acc + Solar + KL + SBL Reactors + SK Atm
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Results of Global Analvses

LBL Acc + Solar + KL + SBL Reactors + SK Atm
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Results of Global Analyses

LBL Acc + Solar + KL
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