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11) Introduction
Standard Model of Elementary Particle Physics: SU(3)c x SU(2)r x U(1)y

Species # >
Quarks 10 10
Leptons 3 13
Charge 3 16
Higgs 2 18

18 free parameters. ..
+ Dark Matter
+ Gravitation
+ Dark Energy

+ Baryon Asymmetry




Standard Model of Elementary Particle Physics: SU(3)c x SU(2)r, x U(1)y

Species # >
Quarks 10 10
Leptons 3 13
Charge 3 16
Higgs 2 18

+ Neutrino Mass m,,




Standard Model* of Particle Physics

add neutrino mass matrix m,, (and a new energy scale?)

Species >
Quarks 10

Leptons 13
Charge 16
Higgs 18




Standard Model* of Particle Physics

add neutrino mass matrix m,, (and a new energy scale?)

Species # > Species +# >
Quarks 10 10 Quarks 10 10
Leptons 3 13 — Leptons 12 (10) 22 (20)
Charge 3 16 Charge 3 25 (23)
Higgs 2 18 Higgs 2 27 (25)

Two roads towards more understanding: Higgs and Flavor
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General Remarks

e Neutrinos interact weakly: can probe things not testable by other means
— solar interior
— geo-neutrinos

— COsSmIC rays

e Neutrinos have no mass in SM

— probe scales m,, < 1/A

— happens in GUTs

— connected to new concepts, e.g. Lepton Number Violation

= particle and source physics
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12) History
1926 problem in spectrum of (-decay

1930 Pauli postulates “neutron”
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daa kntimidesliche bobe-Spektrm 2uf olow warpeifelten fnsweg
varfullat ue dep "oohaelsate® (1) der Statistik upd den Enargiesatt
m retten, Mhmlich dis Miglichkelt, s kfhmten alactrisch neutrale
Tellohen, Ha ioh Hsutronan nemman will, in den Lernan wxistieren,
velghe dm Spla 1/2 taban und s Ansechlisssunmapringlp befolgen und
Wk von Idchtquanten wmusrerden noch dadirch anterwoheldm, diss ols
ﬁ‘dt Lichtgeadweindigcalt laoufme Do Mamss der Keutrenen

vou dergalben (Fosnmdrdmng vis die Elsctroneosssse seln wad
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Fermi theory of 3-decay
discovery of 7, by Cowan and Reines (NP 1985)
Pontecorvo suggests neutrino oscillations

helicity h(v.) = —1 by Goldhaber =V — A

discovery of v, by Lederman, Steinberger, Schwartz (NP 1988)

first discovery of solar neutrinos by Ray Davis (NP 2002); solar neutrino
problem

discovery of neutrinos from SN 1987A (Koshiba, NP 2002)
N,, = 3 from invisible Z width

SuperKamiokande shows that atmospheric neutrinos oscillate
discovery of v,

SNO solves solar neutrino problem

the third mixing angle
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13) Neutrinos and the Standard Model
SU(3)e x SU2), x U(1)y — SU(3)e X U(1)em with @ =I5+ 2 Y

Ve
L. = ( ) ~ (1,2,-1)
(&
L

~o ({1l 1 =)
~ (1,1,0)  total SINGLET!!




Masses in the SM:
—Ly =g.LPer + gyziuR + h.c.
with
_ + 0
and (I):’iTQCI)* :’iTQ ¢ ¢
" —¢t

L

after EWSB: (®) — (0,v/v/2)T and (®) — (v/v/2,0)T

v v L L
—Ly =go—=€rer+ 9, —=vvg + h.c.=mcer egr +m, Vg Vg + h.c.

V2 V2

< in a renormalizable, lepton number conserving model with Higgs doublets the
absence of vp means absence of m,

(— vr don't even interact gravitationally)




Mass Matrices

3 generations of quarks

/ /! / / / ! /
Up, CR, LR =U; R and dy, sg, bg = i, R

gives mass term

EWSB (d) d/ d’ v (u )

- Z\/’ 19 \/791] zL jR

:d’LM(d>d’R+uLM(“>uR

arbitrary complex 3 x 3 matrices in “flavor (interaction, weak) basis”




Diagonalization

Ug MV, = D@D = diag(mg, ms, ms)
Ul M® YV, = D™ = diag(m.,, me, m;)

In Lagranglan:

—Ly = d—’M(d>d’ -I-@M(“)U’R

\’-/ N~ J \/—/ \,-/ N ~ / \ )

dr, D(d) dr UL D) Up

physical (mass, propagation) states uy, =




In Interaction terms:
W upytdy
Wi WU, v UlUs Uldp
N—— N—— N~
ur, V dr,

Cabibbo-Kobayashi-Maskawa (CKM) matrix survives:

V =Ul U,

Structure in Wolfenstein-parametrization:

Vud Vus Vub
Vcd Vcs Vcb
Via Vis Vi AN (1—p—in)

with \ = sin fc = 0.2253 +0.0007, A = 0.80815-022
p=(1-2%)p=01320022 7 = 0.341 £ 0.013




L esson to learn:

0.97428 £ 0.00015 0.2253 £ 0.0007  0.003477000015
VI=|{ 02252+0.0007 0.97345735501%  0.041070 3551

0.0086210-000%0 0.040310-0004  0.99915270- 006030

small mixing in the quark sector

related to hierarchy of masses?

o cosf sinf
=UDU" with U =

—sinf cosb

where D = diag(m1,ms3)
from 11-entry one gets

ma
tanf = , /| —
mo9

compare with y/mg/ms ~ 0.22 and tanfc ~ 0.23




Number of parameters in V' for N families:

complex N x N

unitarity

rephase u;, d;

2 N? 2 N?
_N2 N2
(2N —1) | (N—=1)2

a real matrix would have £ N (N — 1) rotations around ij-axes

families

2

in total:

angles

phases

2

3
4
N

0




Lepton Masses

and in charged current term:

— g / /

V2 K

LWt LU, * UJU, Ulv
N——

S~—— S~——
er U vy

Rotation of vy, is arbitrary in absence of m,: choose U, = U,

= Pontecorvo-Maki-Nakagawa-Saki (PMNS) matrix

U = 1 | for massless neutrinos!!

= individual lepton numbers L., L,, L. are conserved
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I11) The PMNS matrix

Neutrinos have mass, so:

—Loc = %EW’“UVL W with U = U] U,

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

- *
voa =UZ, v;

connects flavor states v, (o = e, u, 7) to mass states v; (i = 1,2, 3)




Number of parameters in U for N families:

complex N x N 2 N?
unitarity —N?
rephase v;, ¢; —(2N —-1)

1

2 N?
N2
(N —1)°

a real matrix would have 5 N (IN — 1) rotations around 7j-axes

2

in total:

families angles

phases

2 1
3 3
4 6
N N (N —1)

0

1
3
(N —=1)

this assumes Ur mass term, what if v v ?




Number of parameters in U for N families:
2 N?
N2
N(N —1)

2 N2
—N?Z?
—N

complex N x N

unitarity

rephase /,,

a real matrix would have N (N — 1) rotations around ij-axes

families

angles

in total:

phases

extra phases

2
3
4
N

1
3
6

SN (N-1)

1
3
6
SN(N-1)

1

2

3
N —1

T

Extra N — 1 “Majorana phases’ because of mass term v* v

(absent for Dirac neutrinos)




Majorana Phases

e connected to Majorana nature, hence to Lepton Number Violation

e | can always write: U = U P, where all Majorana phases are in
P = diag(1, ', ei?2 '3 . ):

e 2 families:

cos) sind
U =
—sinf cos6




e 3 families: U = R23 ng R12P

0 —s23 23
C12 C13 512 C13
—is —10
—S812C23 — C12 823 S13 € C12 C23 — 512 523 S13 €

.y s
$12 S23 — C12 C23 S13 € —C12 S23 — S12C23 S13 € *

with P = diag(1, e, e*¥)
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112) Neutrino Oscillations in Vacuum and Matter

a) Neutrino Oscillations in Vacuum

Neutrino produced with charged lepton « is flavor state
v(0)) = [va) = Ug; [v5)
evolves with time as
v(t)) = Usse 5t yy)

amplitude to find state |vg) = U, |v;):

A(va — vg,t) = (vplv(t)) = Usi Ug; e 51 (uilyy)
N——

=U;; Ugie " it




Probability:

P(vo — vg,t) = Pap = |A(Va — v, t)[*
=S UL Up Uy Uy ¢ BB
i N 2

7

V.

jaﬁ e_iAz’j

1

A aBy
P.g =003 —4 ZRe{\Zf;ﬁ} sin” TJ +2 Zlm{jijﬁ}sm Aij

j>1 —

with phase




J>1

Ai' o .
P.g =00 —4 ZRe{j@‘ﬁ} sin” 7‘7 + 2 Zlm{jéjﬁ}sm A

Jj>1

o = 3: survival probability
a # [3: transition probability
requires U # 1 and Am?, ;7 0

Pa — 1 < conservation of probability
B

j 8 invariant under Unj — e'Po Uaj €’ 1P

= Majorana phases drop out!




CP Violation

In oscillation probabilities: U — U™ for anti-neutrinos

Define asymmetries:

Aop = P(Va = vg) — P(Va — Vg) = P(Va — vg) — P(vg — Va)
=4y Im{J"}sin A

Jj>1

e 2 families: U is real and Im{jgﬁ} =0Va, 5,1,

e 3 families:

Am?2 Am?2 Am?
1L sin BTS2 sin 2”]”;3L) o

where Jop =Im {Ue1 U,o U2, UZ:1}

— % sin 26015 sin 26053 sin 26013 cos f13 sin d

Aep=—Aur =D,y = (sin

2

vanishes for one Amj; =0 orone 6;; =0o0r § =0, 7




e CP violation in survival probabilities vanishes:

Pvg = vy) — P(Uo = Us) X Y. Im{]ﬁo‘ =Y Im{U}, Uy, U Uai} =0

j>i j>i

e Recall that U = Ug U,

If charged lepton masses diagonal, then m,, is diagonalized by PMNS matrix:
my = Udiag(m17 ma, m3) UT

Define h = m, m!, and find that

Im {h12 h23 h31} = Am%l Am%l Am§2 JCP




Two Flavor Case

cosfl sind v ) , 1,
= J15" = |Ua1|*|Uq2|* = — sin” 20
—sinf cos6 4

2
Am3,

L
1F

and transition probability is | P,5 = sin” 26 sin®

prob(y,~y,)







prob(y,-y,)

e amplitude sin? 26

e maximal mixing for 0 = 7/4 = v, = \/g(ul + v3)

e oscillation length Lo = 47 E/Am3, = 2.48 va Ae:r/; km
21
L

= Pyp = sin? 26 sin® T——
LOSC

is distance between two maxima (minima)

eg.. E = GeVand Am? = 1073 eV?: Lo >~ 103 km
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L > L...: fast oscillations (sin2 L/ Lose) %

and Poo =1-2 ’Ua1’2 |Ua2’2 — ’Ua1’4 T ’Ua2’4

sensitivity to mixing




o
Sinn ™ & G
A

L > L. fast oscillations (sin® 7L/ Logc)

1
2
and Popg =2 |U0z1|2 |Uoz2|2 — ’Ua1’2 ’Uﬁ1|2 + ’Ua2|2 ’Uﬁ2|2 — % in® 26

sensitivity to mixing




"% dem 74
‘-_"‘—

3

L < Lgsc: hardly oscillations and P, 3 = sin? 26 (Am?L/(4F))?

sensitivity to product sin” 26 Am?




<P> = const.

TTT

107! -

o Ll
g 107

107

o4
1072 107!
sin’26

large Am?: sensitivity to mixing
small Am?: sensitivity to sin? 20 Am?

maximal sensitivity when Am?L/E ~ 27




Characteristics of typical oscillation experiments

Source

Flavor

E [GeV]

L [km]

(Am2 ) min [eV2]

Atmosphere
Sun
Reactor SBL

Reactor LBL
Accelerator LBL

Accelerator SBL

(=) (=)

Ve, Vy

10...

10®
101
107
107

1

104

10~
10—11
103
10°
101

1




Quantum Mechanics

Can't distinguish the individual m;: coherent sum of amplitudes and interference




Quantum Mechanics
Textbook calculation is completely wrong!!

e F;, — E; is not Lorentz invariant

e massive particles with different p; and same E violates energy and/or
momentum conservation

definite p: in space this is €?*, thus no localization




Quantum Mechanics
consider E; and p,; = \/EJ2 —m3:

B .
p;j = B +m? -2 with £ = —2E

T Om?2

: om?=
mj :O J

mj:O

OF ;
2
Ej = pj+mj 5
J lm.=0
J

in pion decay m — uv:

m; my, '
PiE e ) T ome

thus,
Am?

ij
2F

m
>~O.8 in B, — E; ~(1-¢)




wave packet with size 0,(2 1/0,) and group velocity v; = OE;/0p; = p;/ E;:

(:U—vz-t)2}

2
4oz

Y; X exp {—z(Ez t—p;x) —

1) wave packet separation should be smaller than o, !

L
LAv <o, = < £
Losc Op

(loss of coherence: interference impossible)

2) m? should NOT be known too precisely!

om? 2
Y 5p, = 0T, > b

if known too well: Am? > dm? = —
Y Op, Am?

(I know which state v; is exchanged, localization)

In both cases: P, = |Ua1|* + |Uaz2|?* (same as for L > L)




Quantum Mechanics

total amplitude for &« — (3 should be given by

A x Z/ ABJ ajexp{—i(E;t —px)}

with production and detection amplitudes

— 5.2
Aaj Ajs; ocexp{—(p D) }

2
dos
we expand around p;:

| OE)

r (p —pj) = E; +v; (p — py)

P=Dj
and perform the integral over p:

L . T — v;t)?
AocZexp{—z(Ejt—pja:)—( 4023) }

j X




the probability is the integral of |A|? over t:
2 e A\ Vi T Uk -
P= [dt|Al" xexpq =i |(E; —Ep)5—5 — (P —Dx)| T
Vi + Ui

y (vj — vg)?z? (EJ — Ek)Q
eX — —
Pl 402(2 +02)  402(02 + )

now express average momenta, energy and velocity as
m?2
P~ B — fﬁ
> m; pj
Esz—I-(l—f)ﬁ, ’Uj:E—j
this we insert in first exponential of P:

2

E: —F _ (H: — B | =
( J k)fUJQ-—I—’U]% (pj pk) ok




the second exponential (damping term) can also be rewritten and the final

probability is

7 2 2
o

- CcO - 27T2(1 - 5)2 oa;c

(ijh> LSy

with

4 E2 4 E
coh f i S and Losc_ 7T2

expressing the two conditions (coherence and localization) for oscillation
discussed before




Quantum Mechanics

derivation of formula also works in QFT, when everything is a big Feynman
diagram:

d_ 1 ,IFE

d- 1/3

Earth

(Lorentz invariance, energy and momentum conservation at every vertex, etc.)




b) Neutrino Oscillations in Matter

e v can witness coherent (o x G) elastic scattering with e™, p,n in matter
e creates mean potential V = O(Grn.) = O(Am?/E)

e Formalism easy when Hamiltonian approach is used:

(%,Jp“—M)\I!:Oé(p2—M2)\I!:O

1241 m% 0

with U = M2 = :

use p° = E* + 02 = (E +10,) (E — 1i0y,)
= (F+10;)(E+p) ~2FE(FE+1i0,)

gives Hamiltonian (global phase E has no effect)

M? M?
0,V =|—-FEFE+—| V¥ 0, V=HV=—W
10 [ +2E] = [ 10 H 5 F




in flavor basis Vg = U ¥

—cos 260 sin 26

Ha=UHU' =
4F sin20  cos 260

Am?

diagonalizing this Hamiltonian gives mixing angle  and eigenvalues =%

Potential due to matter effects from CC term:

Hee = E [E'Yu(l —75) €] [V_e’Yu(l — Y5) Ve

integrate over e such that 7, V v, survives

evuyse) =0 unpolarized matter

(€v;e) =0  zero momentum of matter

(€70€) = 7e




it follows

‘/ee — \/iGFne

if matter electrically neutral: Vxc(e) = Vnc(p)

Electron neutrinos have CC + NC, muon and tau neutrinos only NC




A
Ho — Am?2 —cos 20 + 2 A3 sin 20

4k sin 26 cos 260
1075 eV? = Sun

10-" eV® &=  Earth

where A = 2v/2Gprn, E ~

diagonalize to find mass? and 0 in matter

cosf,, sinfb,, 24

—sinf,, cosf,, vy

and

2 (AmQ)m
4 F

L

By = sin? 26,,, sin




mo_ 4T K

0oscC 2\m
(AmE™ J(cos20 — A/Am?)? + sin® 20
sin? 26
(cos 20 — A/Am?2)2 + sin® 26

sin? 26,, =

Am?
Resonance at Yo c0820 = \V/2G g n, | or Los. = cos 26 et

V2T

with Lyagic = e “magic baseline” ~ 7500 km in Earth
F Ne

at resonance: L = Los./ sin 20

OSC

for matter dominance: L7}, = Lyagic

note: depends on octant of 6 and sign of Am?




MSW effect
sin® 26

, A=2v2Gpn. FE
(cos 20 — A/Am?2)?2 + sin” 26 V2Cnw

sin? 20,, =

propagation through medium (Sun) with varying density n.(x)
but: adiabatic variation

1) A/JAm? > 1: = v, ~ vj and v, ~ —v}"

2) hits resonance V" = \/g(ye +v,)

3) exits sun, 6,, = 6:
V" = v, cost — v, sinf
vyt = v, cosb + v, sinf
gives mean probability: P.,, = cos® 0 = if 6 is small, complete conversion!

Mikheev, Smirnov (1978); Wolfenstein (1985)




e Condition for adiabacity:

Am? sin20 [ 1 dn, - 1
7 2FE cos20 \ n. dr

m

at resonance: n. basically constant over many L.

e Condition for resonance
A > Am? cos 20




matter effects are indeed occurring in Sun, though with large mixing 6

Bounds on aysw (Solar + CHOOZ + KamLAND)
&

standard
matter
effects

zeroed

< matter
effects

O
&
=1
7))
G
O
(.
O
O
&
D
C

© |
N

1
d MSW

fit to solar neutrino data with V = aysw V2 G ne

Fogli, Lisi, Marrone, Palazzo
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113) Results and their interpretation — what have we
learned?

Main results as by-products:
— check solar fusion in Sun — solar neutrino problem

— look for nucleon decay — atmospheric neutrino oscillations

almost all current data described by 2-flavor formalism

future goal: confirm genuine 3-flavor effects:

— third mixing angle
— mass ordering

— CP violation

have entered precision era




Solar Neutrinos

98% of energy production in fusion of net reaction

Adp+2e —*He™™ + 21, + 26.73 MeV

26 MeV of the energy go in photons, i.e., 13 MeV per v,;

get neutrino flux from solar constant

S

= _ 6 1010 —2 1
13 MoV 6.5 X 107" cm™ “s

S =85x 10" MeVem 25! = &




oy | SuperK, SNO

| sarrs 0,23%

8 aliid '_*'_-.._.j——l R PR, Gallim _(Chlorine __—Superk, SKC

| —

— :H'|'I'—b-'|!-;:' : :"']l'«.‘p—i'”-'.‘liﬁ 1 m_ﬂx

1%

‘He+'He— Bet v |
s T lmﬁ-

Bete—= Litvy, Betpt—TB+ 7 |

B4 % | | i [ % |

‘He+'He—'He+dp* || Litp'—'He+'He "B"Betethy, |
|

Neutrino Flux

1 3

‘H'L'l—l‘ll"l‘l."llH‘L" | : B -
m Neutrino Energy (MeV)

Solar Standard Model (SSM) predicts 5 sources of neutrinos from pp-chain
Bahcall et al.




Different experiments sensitive to different energy, hence different neutrinos
e Homestake: v, + 37Cl — 37Ar + e~
e Gallex, GNO, SAGE: v. + "Ga — "Ge+ e~
e (Super)Kamiokande: v, + e~ — v, + €~

All find less neutrinos than predicted by SSM, deficit is energy dependent:

“solar neutrino problem”

Breakthrough came with SNO experiment, using heavy water







elaciron neutr ino

charged current: ®(v,)

[reisteron

neutral current: ®(v.) + ®(v,r)

i Meutring
¥

elastic scattering: ®(v.) + 0.15®(v,,,)

LI

neutring
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Results of fits give

sin? #15 ~ 0.33

Am3; = Am2 ~8 x 107° eV?

only works with matter effects and resonance in Sun

= Am% cos 2015 = (m% — m%) (C082 015 — sin2 612) > 0

choosing cos 2015 > 0 fixes Am% > ()




R
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H
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R,
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N
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o
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pp - All solar
’‘Be - Borexino
pep — Borexino
°B - SNO + SK + Borexino

MSW-ILMA Prediction

1 ] L ] | - |

]
e

5

low E: P.. =1
large E: P,.




sin2(®)
KamLAND: reactor neutrinos
n—p+e +7, with £~ few MeV
If L ~ 100 km:

Am?D
E

L ~ 1= solar v parameters!!




Person (for scale)

Access Chimney

Liquid Scintillator Volume

Photomultiplier Tubes
Buffer Oil Volume

Stainless Steel Vessel

Water Cherenkov Detector
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Neutrinos do oscillate
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Atmospheric Neutrinos

Figure 4

Super —Kamiokande 545 days Preliminary
| | T | T | T ] T | T | T | T |

| multi-GeV e-like | multi-GeV mu-like (FC+PC)|
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zenith angle cos6 =1 L ~ 500 km
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zenith angle cos = -1 L ~10*km  up-going




SuperKamiokande

0000 ton Water Cherenkov Derector
11.200 20" PMTs
electronics hut
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Ceaerenkov

radiation

f:a:-nf’fﬁ
o

B
Vu

Muon Muon —

nautring

Electron Electron
nautring shower

-'f.

The Cerenkov radiation
from a muon produced

by a muon neutrino event
vields a well defined circular
ring in the photomultiplier
detector bank,

The Cerenkov radiation

from the electron shower
| produced by an electron

nautring event produces
.' multiple coneas and

therafore a diffuse ring

in the detector array.







Atmospheric Neutrinos
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Dip at L/E ~ 500 km/GeV = Oscillatory Behavior!!
(No v, observed yet)




Testing Atmospheric Neutrinos with Accelerators: K2K, MINOS,
T2K, OPERA, NovA

Proton beam

p+X o7, KT > 7t —>(V_M) with £ ~ GeV

If L ~ 100 km:

2
Ami

I L ~ 1 = atmospheric v parameters!!

2 Am§1
4F

P(v, — v,) = 1 — sin® 20,3 sin L




T
-

|
-

MINOS 90% C.L.
* —7, 2009-2011
® - -V, 2009-2010
O-+-9,2010-2011 -.... Super-K v, 90% C.L.
% [V, 2005-2010

I 1 1 1 I

IAm?| or |AM?| (107 eV?)

! ! PR R SR R NN S N
0.6 0.7 0.8
sin?(26) or sin’(28)

Results of fits give

]Am%ﬂ = Am?Ax ~ 2.5 x 1073 eV?

sin® A3 ~ 0.50 | maximal mixing?!

~ 30 Am%




The third mixing: Short-Baseline Reactor Neutrinos
E, ~MeV and L ~ 0.1 km:

Am? :
EA L ~ 1= atmospheric v parameters!!

Krmasnovarsk ]
Bugew

Kamiokande
(malci-Ge™ )

.1 o2 03 o4 05 05 07 o088 09

-
=in” 28

2

. . A
P.. = 1 — sin® 203 sin? 472 L




3 families: U = R23 R13 ng P
0 0 C13 0 si13 00
C23 S23 0 1 0
0 —s23 o3 —s13€° 0 C13
C12 C13 512 C13
—is —10
—S812C23 — C12 823 S13 € C12 C23 — 512523513 €

—id —10
$12 S23 — C12C23 S13 € —C12 523 — 512 €23 S13 €

with P = diag(1, e’®, /)




Interpretation in 3 Neutrino Framework

assume Am3; < Am3; ~ Am3, and small 6;3:
e atmospheric and accelerator neutrinos: Am3,L/E < 1

A2
2 m31L

P(v, — v;) ~ sin” 203 sin

e solar and KamLAND neutrinos: Am3,L/E > 1

o Amyy

L
1F

P(ve — ve) ~ 1 —sin® 20,5 sin

e short baseline reactor neutrinos: Am3,L/E < 1

2
2 A7”’131

L
1F

P(v. — v,) ~ 1 — sin® 26,3 sin




C12 C13 S12 C13
—ié —10
—S812 €23 — C12 S23 S13 € C12 C23 — S12 S23 S13 €

) —id
—C12 823 — S12C23 S13 €

S12 823 — C12 C23 S13 €
0 C13 0 sige ® ci2 Ssi12 O
0 C23 S23 0 1 0 —S12 Ci12 0

O — 85923 C23 —S13 625 O C13 O O 1

~~ ~~ ~~

atmospheric and SBL reactor solar and

LBL accelerator LBL reactor

. Y
" Pawer Flant Arcurd - Werld




C12 C13 512 C13

_ —id
U= —S812C23 — C12 23 S13 €

—id
C12 C23 — S12 $23 S13 € 523 C13

—id
§12 823 — C12 C23 S13 €

0 0

—id
—C12 §23 — S12C23 S13 € C23 C13

C13 0 si3 6_“S

0 c23  Ss23 0 1 0

i
0 —s23 cC23 —S13€ 0 C13

N~

N~

atmospheric and SBL reactor solar and

LBL accelerator LBL reactor

2
3

1 0 O
0O 1 0
0 0 1

(Sin2 913 p— 0)
2
Amiy
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Harrison, Perkins, Scott (2002)
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Synopsis of global 3v oscillation analysis
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Fogli et al.
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e normal ordering: Am3; > 0
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Non-zero |Us|?

2010: Fogli et al. find a 1.60 effect

at 1o : |U.3|* = 0.016 &+ 0.010

e SuperKamiokande atmospheric neutrinos (excess of sub-GeV e-like events,
caused by sub-leading Am?)

e KamLAND favors slightly higher sin? #;5 than solar data
(ng = (1 — 2 ’U€3’2) Sin2 012
vs. PEL — (1 — 2|U3]?)(1 — sin® 20,5 sin® Ay /2))

e 2011: T2K, Double Chooz!




T2K: 2.50

beam 280m
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\ialily
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More data
e MINQOS: 1.70
e Double Chooz: 0.017 < sin? 26,5 < 0.16 at 90 % C.L.

A 2
P.. = 1 — sin® 203 sin? ﬂL
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all this accumulates to larger than 30 significance!

Ues| = 0.14670 935

and PMNS matrix is more like

= interesting phenomenological and theoretical implications. . .
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What's that good for?

Predictions of All 63 Models

74 anarchy
texture zero
SO(3)

S, S,

SO(10) lopsided
SO(10) symmetric/asym

%
<5}
S
S
=
S
5,
o
£
S
=

N T OTO:L 1 0.1
2025 2020 sin%,, 2013 24/2/12
Albright, Chen




CKM vs. PMNS

0.97419 0.2257  0.00359
VexMm| = | 0.2256  0.97334  0.0415
0.00874 0.0407 0.999133

0.82 0.58
|Upnmns| =~ | 0.64 0.58
0.64 0.58
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114) Prospects — what do we want to know?

9 physical parameters in m,,
012 and m3 — m7 (or 6 and Am?)
023 and |m3 — m3| (or a and Am3)
013 (or |Uesl)
mi, maz, 13
sgn(m3 — m3)
Dirac phase ¢

Majorana phases o and (3 (or a1 and as, or ¢ and ¢o, or...)




The future: open issues for neutrinos oscillations
Look for three flavor effects:

precision measurements

— how maximal is A3 ? how small/large is Ug3 ?

sign of Am3, ?

tan 20,, = f(sgn(Am?))

is there CP violation?

Problems:

— two small parameters: Am2 /Am3 ~1/30 and |Ue3| < 0.2

— 8-fold degeneracy for fixed L/E and v, — v, channels
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Degeneracies
Expand 3 flavor oscillation probabilities in terms of R = Am? /Am3 and |U.s:

in® (1- A)A in® AA
sin_( ) + R? sin” 205 cos® fa3 el
(1-A)2 A2

+sin J sin 2913 R sin 2612 COS 613 sin 2623 sin A o AAA > (Al_ A)A
A(1- A)

in AA sin (1- A)A

+ cos 0 sin 2013 R sin 2015 cos 613 sin 26053 (:OSASln . > (A )

A(1-A)

Ami
4 F

~ win2 . 2
P(ve — v,,) o sin” 20;3 sin” 63

L

with A = 2v2Grn. E/Am? and A =

® (o3 «— m/2 — O3 degeneracy
e (13-0 degeneracy

e O-sgn(Am3) degeneracy

Solutions: more channels, different L/FE, high precision,. ..
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Degeneracies
Expand 3 flavor oscillation probabilities in terms of R = AmZ2 /Am3 and |Ues|:

A

sin® (1- A)A + R sin? 20,5 cos? s sin? AA
(1-A)2 A2
sin AA sin (1—A)A
A(1-A)
sin AA sin (1—A)A
A(1-A)

. 2 . 2
P(ve — v,,) o~ sin” 20;3 sin” fa3

—I—Sinésin 2613 R sin 2612 COS 613 sin 2623 sin A

+ cos 0 sin 2013 R sin 2015 cos 013 sin 26053 cos A

AmA
-5 L

with A = 2v/2Grn. E/Am? and A =
If AA =
sin? (1— A)A
(1-A)?

. 2 . 2
P(ve — v,,) o sin” 20;3 sin” 63

This is the “magic baseline” of L = \/_W ~ 7500 km
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Typical time scale
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Superbeam upgrades

2"9GenPDEXp
NuFact

Superbeams+Reactor exps

Conv. beams Branching IOOlnti

—~
=
o
SN—
<
(&)
©
[«B]
S
=
|} —
D
=
o
O
2]
)
™
—
e
N
o~
=
(0]

CHOOZ+Solar excluded |

2030

103



Future experiments

e what detector?
— Woater Cerenkov?
— liquid scintillator?

— liquid argon?

e Neutrino Physics
— oscillations (hierarchy, CP, precision)

— non-standard physics (NSls, unitarity violation, steriles, extra forces,. . .)

e other physics
— SN (burst and relic)
— geo-neutrinos

— p-decay
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Example LBNE
FNAL — Homestake, L = 1300 km

0,, Sensitivity (30) 0,, Sensitivity (3o)
- 200 kton WC ;X - 34 kton LAr N
—5yrsv+5yrsv; ./ —5yrsv+5yrsv;
- 700 kW © 700 kW

d.p (degrees)
d.p (degrees)

.
—— New Beam, normal 3,

kY
w
»
\’

= New Beam, normal %

-
"
»
== Qld Beam, normal e == Qld Beam, normal
LY

----- New Beam, inverted ===== New Beam, inverted

Old Beam, inverted Old Beam, inverted

lIIlIIIIlIIIIlIIII-II

10°

IIIIII| | IOI:IIII| | | IIIIIII

1 -3 1 -2 1 -1
0 0 sin2(2e13
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Example ICAL at INO

INDIA BASED NEUTRINO OBSERVATORY

INO PEAK
2207 Mts.

AA™

7300 km from CERN, 6600 km from JHF at Tokai
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Precision eral

X
—
o

FT \IHIII‘ T TTTIT T TTTTTT T TTTITE T HIIIHl T TTTITT T TTTIT T TTTTTH

(a) (b)

()

Am?in eV2

Active Sterile 1
Cl + Ga+ SKrates 4 Cl+ Ga+ SK rates
BPI8 BP9S E

w ot ot ot o w ot oo
sin*(2%) sin*(20)

1998
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Anomalies?

e light sterile neutrinos?

e different Am? for neutrinos and anti-neutrinos

e faster than light neutrinos?
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Anomalies?

e light sterile neutrinos?

— still there

e different Am? for neutrinos and anti-neutrinos

e faster than light neutrinos?
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Anomalies?

e light sterile neutrinos?

— still there

e different Am? for neutrinos and anti-neutrinos

— went away

e faster than light neutrinos?
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Anomalies?

e light sterile neutrinos?

— still there

e different Am? for neutrinos and anti-neutrinos

— went away

e faster than light neutrinos?

— obviously bullshit
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Light sterile neutrinos?
it's all the fault of LSND

800 MeV proton beam on water target, detector is liquid scintillator, 7
E~35MeV, L~30m= Am? ~ 1 eV?
prompt signal 7, +p — et + n, delayed signal n +p — d +~

P(p, — 1) ~ 2.6 x 1073, about 40

.
10
4

i

=T NOMAD
e TRea
KARMEN2 :
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Light sterile neutrinos?

Z-width says N, = 3, and hence there are only two independent Am?
= fourth sterile neutrino, does not couple to W or Z

mixing matrix is now 4 x 4 = 6 angles, 3+3 phases
U = R34 Rys Ri4 Ro3 Ri3 R12 P

influences cosmology, supernovae, neutrino mass measurements,. . .
VS VS

1 2

V3

. m
Amgor,  Amigy,

SV-MIXING
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Mass Ordering

’I’I’L2 m2

4 1,23

3 active neutrinos can be normally or inversely ordered
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Ballar

January 26

Which one is sterile?
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MiniBooNE

Magnetic

forusing hom Detector

was supposed to test LSND
same L/FE
can run in 7" and 7~ mode

results:

— v-mode: inconsistent with LSND, unexplained low energy excess

— U mode: somewhat consistent with LSND
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Am, [eVZ]  |Ues| |Upsl Amgy[eV?]  |Ues|  [Ups|

34+2/243 0.47 0.128 0.165 0.87 0.138 0.148
1+3+1 0.47 0.129 0.154 0.87 0.142 0.163

or Am3,; = 1.78 eV? and |U.4|? = 0.151

Kopp, Maltoni, Schwetz, 1103.4570
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Other hints

cosmology

BBN

r-process nucleosynthesis in Supernovae

reactor anomaly (Mention et al., PRD 83)
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Reactor anomaly

fission yield per isotope
B3 decay branching ratios (allowed, forbidden)
3 shape (corrections: QED, weak magnetism, Coulomb)

extraction from electron spectra

L [m] L [m]

Roiq = 0.992 £ 0.024 Rpew = 0.946 £ 0.024
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I111) Dirac vs. Majorana masses

Observation shows that neutrinos possess non-vanishing rest mass
Upper limits on masses imply m, < eV

How can we introduce neutrino mass terms?
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a) Dirac masses

add vg ~ (1,1,0):

—~ EWSB U  __ .
Lp=g,LPvg \/ﬁguVLVR:myVLVR

But m, < eV implies ¢, S 1071 << ¢,

highly unsatisfactory fine-tuning. . .
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actually, m. = 107%m;, so WTF?

point is that

with  m, >~ my

d
has to be contrasted with

Ve

with m, ~ 107 %m,

€
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b) Majorana masses

need charge conjugation:

electron e™: [y, (20" + e A*) —m|y =0 (1)
positron et: [y, (i0* — e A*) —m|yc =0 (2)

Try ¢¢ = S*, evaluate (S*)~! (2)* and compare with (1):
S =172

and thus

: : —T —T
Y =iy " =ivywy =C¢

flips all charge-like quantum numbers
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Properties of C"

Cl=0" =0~ =-C
Cr,C7t = —’yff
CyC~ ' =ng

Cyuvs C™ = (Yus

)T

properties of charged conjugate spinors:
(p°)° =4
=T C
Ewg — ¢_§¢1
(Yr) = (W)r
(Yr) = (¥°)L
C flips chirality: LH becomes RH
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L =m,vLvg+ hc =m,(VLvr +VrVL)

both chiralities a must for mass term!

Potential consequences for mass terms 1):

(i) ¥ independent of ¥ g: Dirac particle

(i) ¥r = (v¥g)°: Majorana particle

= ¢ = (YL +Yr)" = (Y1) + (Yr) =R + Y =9 : | Y€

= Majorana fermion is identical to its antiparticle, a truly neutral particle

= all additive quantum numbers (Q, L, B,...) are zero
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in terms of helicity states +: 4 d.o.f. for Dirac particles:

hbv:&i.\.,m

MQ..S‘. *.m.

£
|

)
7
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in terms of helicity states +: 2 d.o.f. for Majorana particles:

Wo?@: 12

S

N
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Mass term for Majorana particles:

Ly =

STM = S Dr () M (o + (61)7) = 5 o MW+ he.

e Majorana mass term (bare!)

o Ly x iyl = NOT invariant under y) — e'® )
= breaks Lepton Number by 2

15

LW —e- ) ol /1
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We should observe Lepton Number violation, right?
Sun: 4p+2e~ —*He™ + 21,
— we observe v, +n — p+ e, but we don't observe 7, +p — n 4+ et
— produced neutrino is left-handed dueto V' — A
— should be right-handed to produce e™

— since chirality is not a good quantum number, it can produce a small
right-handed component:

)

L))

“spin flip" negligibly small since m < eV and E ~ MeV
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Another useful property: recall v =

appears in Majorana mass matrix

(v)p = Va Map C 75"
= U Map OV = V5 Map (v%)a

ve M1y

Majorana neutrino mass matrices are symmetric!

= UJ ]\4(];< = D" = diag(ml,mg,mg)
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[112) Realization of Majorana masses beyond the SM

a) Higher dimensional operators

Renormalizability: only dimension 4 terms in £

SM has several problems — there is a theory beyond SM, whose low energy limit
is the SM — higher dimensional operators:

1
— 0O+ ...

1
’C:‘CSM+‘C5+£6+---:£SM+K05‘|‘A2

gauge and Lorentz invariant, only SM fields:

it follows : Weinberg 1979
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General remarks: SU(2)p x U(1)y with2®2=3& 1:

Lo~ (2,-1)®(2,1)=(3,0)& (1,0)

To make a singlet, couple (1,0) or (3,0), because 3®3 =53 P 1

Alternatively:
LL°~(2,-1)®(2,-1)=(3,-2)® (1,-2)

To make a singlet, couple to (1,2) or (3,2). However, singlet combination is
v (¢ — ¢ v°, which cannot generate neutrino mass term

— (1,0) or (3,2) or (3,0
type | type |l type Il
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b) Fermion singlets (type 1)

introduce Nz ~ (1,0) and couple to g, L ® ~ (1,0)
Hence, ¢, L ® Ny is also singlet and becomes ¢,, v/V20L Np = mp g, Ng

in addition: Majorana mass term for Ng

L=vrmpNg+ 3 Ng Mg Ng + h.c

0 mp VE

Mg

— % (yL7N_f{ —I—hC

Diagonalization with 4" M, U* = D = diag(m,,, M)

and

cosf@ sind

—sinf cosf
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mp

diag(m,,, M)

with

general formula:

tan 20 = —]\247:50
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Note: mp associated with EWSB, part of SM, bounded by v/\/§ = 174 GeV

Mg is SM singlet, does whatever it wants: = Mgz > mp

Hence, 0 ~ mp/Mpr < 1

v =vy, cos — N§ sinf ~ vy, with mass m, ~ —m?% /Mg

N = Npg cos + v§ sinf) ~ Np with mass M ~ Mg

in effective mass terms

1 1 1 1 —
LZ §myﬁyc—|—§MNCN2 §myﬁyz—|—§MRNIC{NR

compare with Weinberg operator:

2

also: integrate Nr away with Euler-Lagrange equation
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matrix case: block diagonalization

0 mp VE

mb Mg

write down individual components:
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write down individual components:

My pmp +mpp+pMpgp"
0 mp — pmp p* + p Mg
M —ptmp —mk p* + Mg

now, p (aka 6 from before) will be of order mp/Mg:

pmp +mpp+pMpp"

mp +pMgr = p=—mp Mg’
Mg

insert p in m,, to find:

m, = —mDM]glmg
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(type I) See-Saw Mechanism

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond, Slansky; Mohapatra,

Senjanovié (77-80)
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THE SEESAW

E g

143



144






See-Saw Scale

See-saw formula:

m, = mp /Mg ~ v* /Mg

with m, ~ \/Am5 it follows

Mp ~ 10" GeV
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c) Higgs triplet (type Il)

LxLLt — v
has isospin I3 = +1 and transforms as ~ (3, —2)

= introduce Higgs triplet ~ (3,4+2) with (I3 = Q — Y/2):

HT V2HTT 0 0
V2HY  —HT vpr 0

N\ =

with SU(2) transformation property A — U AUT:

- . vev _ _
L=g,Liro AL* — g, vr VL v = m, VL V],

147



Constraints on vy

® mV:gvaSe\/jvTSeV/gu

® p-parameter

( - )2_[)_21}(1}%—1—}1}@2)@@-2

M7 cos Oy
(

3 v Y
1 [=4andY =1
v? + 207
v? + 4v7
= vr S 8 GeV

I=1andY =2

\
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vr < v because

V=-MTr(AA") +p@TinAd

with g—X = (0 one has |vr = ,u_v;
MA

coupling of SM Higgs with triplet drives minimum vy away from zero
vr can be suppressed by Ma and/or p

compare with Weinberg operator:

c M3
gv K

A=

Type Il (or Triplet) See-Saw Mechanism

Magg, Wetterich; Mohapatra, Senjanovic; Lazarides, Shafi, Wetterich;

Schechter, Valle (80-82)
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d) Fermion triplets (type Ill)

The term
Lx LY D
is a singlet if X ~ (3,0): “hyperchargeless triplets”

EO/\/§ Y+
¥ =x9/V2

O =

additional terms in Lagrangian

LV2Ys X0 + %Tr ¥ My x¢}

give a “Dirac mass term” m7 = v Yy and Majorana mass term My, for neutral

component of X
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overall mass term for neutrinos

(mp)®

My,

mV:_

same structure as type | see-saw

Type Il See-Saw Mechanism

Foot, Lew, He, Joshi (1989)

compare with Weinberg operator:

C”U2

A=y

My,
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Weinberg operator is LLO®®

\
\

Seesaw Mechanisms are realizations of this effective operator by integrating out

heavy physics:
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Remarks

e Higgs and fermion triplets have SM charges = coupling to gauge bosons in

kinetic terms:
RG effects

production at colliders

FCNC

e naturalness in GUTs: type | ~ type |l > type Il

e note: one, two or three of the see-saw terms may be present in m,
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Remarks

e Higgs and fermion triplets have SM charges = coupling to gauge bosons in

kinetic terms:
RG effects

production at colliders

FCNC

e naturalness in GUTs: type | ~ type |l > type Il

e note: none of the see-saw terms may be present in m,
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L eptogenesis

Take advantage of (L, Hy,, Ng) vertex in early Universe!

I'(N;, » ®L*) —T'(N; — &' L*)
I'(N; - ®L)+T'(N; — &' L)

& Jp—
YBO(gi —

Fukugita and Yanagida (1986)
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