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Is-The Wheole Universe made of

Protons Neutrons
NO!
Protons Neutrons
are rareties!

For every one of them, the universe contains a
billion neutrinos v!




Passing through each person-on earth every secend:
One hundred trillionneutrinos from the sun.

The sun shines because of nuclear fusion in its core.

This fusion produces—
| ~» Energy, including visible light
e Neutrinos
‘¢ The.atoms more complicated than hydrogen




- Our view

v View

Almest all neutrinos 21pp1110 throughus do
nothing at all.

Typically, a solar neutrino would have to zip
through 10,000,000,000,000,000,000 people
“before doing anything. | |

_ The probability that a particular solar neutrino

willanteract as it zips through one of us 18
17 10,000,000,000,000,000,000 .




Are Neutrinos Important to Our Lives”?

If there were no vs. the sun.and stars would not shine.

e No energy from the sun to keep uis warm.

e No-atoms more complicated than hydlooen

No carbon. No oxygen. No water.
~No earth. No moon. No us.

No vs 1s very BAD news.




Summer Schools (if existed) were VERY short

B decay was supposed to be a two body decay

E

e

n -> p* + e

m,* +ms2 —m

2

2m,



Studies of B decay revealed a continuous energy spectrum.
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Another anomaly was the fact that the nuclear recoil was not in
the direction opposite to the momentum of the electron.

The emission of another particle was a probable explanation of

this behaviour, but searches found no evidence of either mass
or charge.



...debpe'cate 'cemed# to save the law of consexvation of energy...

Neutron Decay:

n—p+e +,

Fermi postulated a theory for 3 decay in terms of spinors

Gr — —_
Hew =7, Wp TuVWn Wer" vy




Standard Model of Particle Physics

Gauge [heory based on the group:
SU(3) x SU(2) x U(1)

SU(3) = Quantum Chromodynamics
Strong Force (Quarks and Gluons)

SUL(2) x U(1) = ElectroWeak Interactions broken to Ugps(1)

by HIGGS



SUr(2) x Uy (1) = Ugy(1)

Force Carriers: W=*, ZY and v masses: 80, 91 and 0 GeV

quark, SU(2) doublets: ( T} ) ._ ( { ) , ( ;L )
il I s I ) I

up-quark, SU(2) singlets: up,cp.tp

down-quark, SU(2) singlets: dp.sr.bp

lepton, SU(2) doublets: ( Ve ) ( “n ) _.( T )
e /, o), T/,

neutrino, SU(2) singlets: — — —

charge lepton, SU(2) singlets: eg, g, T



Electron mass
comes from a term of the form

l_: (‘) €ER

Absence of vp
forbids such a mass term (dim 4)

for the Neutrino

Therefore in the SM neutrinos are massless

and hence travel at speed of light.



Interactions:

Charge Current (CC)

W=

W= — I + 7,

g, M

rZz°->f+f)=K
4871

Zlley P +lca ']

Neutral Current (NC)

Va
ZO
AR Vo + Vo Va
l(lﬁ
ZO
/+
‘¢

70 — 17 + 1t

=€, /L, or T



Invisible width of Z plus other data from LEP:
AR Y7,
Implies N, = 2.99 4 0.01

ALEPH

Z Z Z
v L]

o a2
Energy {(GeV)

Th ree Active NeutrinOS! | | Sterile Neutrinos don't couple to Z"




Note That
boy
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Va
s 1
Implies




Observed
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Not Observed

small L/E (<< 1/d6m?)



Observed

large E (>> m,,)



Standard Model

[, Vo

Vo —

couplings conserve the [Lepton Number L
detined by —

L(v)=L(/")=-L(V)=—L (/) =1.

ACtua”y L’(?q L‘/_,,, and L'T

separately



| eft Handed Nature of The Neutrino

i Ve
W= Z0

Vo -

Produce Left-Handed Neutrinos
and Right-Handed Anti-Neutrinos

spin
=
» V
— > V

momentum

What about the RH neutrinos and LH anti-neutrino 7777



There exist three fundamental and
discrete transformations in nature:

¢ Parity P o —F
e Time reversal T t — —t
e Charge conjugation C g = —q

P, T and C are conserved in the classical
theories of mechanics and electrodynamics!

CPT <> Lorentz invariance @ unitarity: is an essential building block
of field theory

CPT : L particle <+ R antiparticle

Neutrinos in the MSM are massless and exist only in two states: particle
with negative helicity and antiparticle with positive one: Weyl fermion



P: L particle <+ R particle

Parity violation is nowhere more obvious than in the neutrino sector: the
reflection of a left-handed neutrino in a mirror is nothing !



Summary of v's in SM:

Three flavors of massless neutrinos
W= —=1-+r,
W+ — 1T+,
a=e,l, or T
Anti-neutrino, v, has +ve helicity, Right Handed
Neutrino, v,, has -ve helicity, Left Handed
vy, and vp are CPT conjugates

massless implies helicity = chirality



Beyond the SM
What if Neutrino have a MASS?

speed is less than c therefore time can pass

and

Neutrinos can change character!!!

What are the stationary states?

How are they related to the interaction states?



NEUTRINO OSCILLATIONS:

Two Flavors

flavor eigenstates % mass eigenestates

Vy, cosf)  siné# 2
vy )\ —sinf cos6 Vo

W's produce v, and/or v,'s

I

but 71 and 15 are the states

that change by a phase over time, mass eigenstates.
. —ipj-T|,, . n2 — 2
V) — e i |y;) ps = ms

a, 3 ... flavor index i,7 ... mass index



Production:

v,) = cos 0|vy) + sin 0|vs)

Propogation:
cos Be~"P1T| ) + sin e ™"P2F|1y)
Detection:
V1) = cos Olv,) —sinO|v;)
v9) = sinf|v,) + cosb|v,)
Ve \ cosf)  sinf 1
v )\ —sinf cos6 Vs

P(vy — vr) = |cos (e P1%)(—sinf) + sin O(e P27 cos 0|2



P(v, — v;) = |cosB(e="P1*)(—sinf) + sin f(e="72'") cos f|*

)

m
2

Same E, therefore p; = | /E? — m;% ~F —

=

e~ iPj'T _ e—zEte—z.ij ~ e—z(Et—EL) e—l.mjL/ZE

—im3L/2E _ —zmlL/2E|2

Py, — v;) = sin® 0 cos? 6| e e

. . 2
P(v, — v;) = sin® 20 sin* 27k

2 dm?L _ ;
dm* = m3 —m7 and 22-E = A kinematic phase:



P(v, — v;) = |cosB(e="P1*)(—sinf) + sin f(e="72'") cos f|*
5 2 m3
Same E, therefore p; = (/E* —mj ~ E — 55

e—iPj T _ e-zEte_?,ij - e_z(Et_EL) e—zmjL/ZE

—im3L/2E _ -z:-me/QE|2

Py, — ;) = sin® @ cos? f|e e

2 5-mQL c*
4F hc

Py, — v;) = sin® 26 sin



Appearance:

- — 2 §m“L
P(v, — v;) = sin® 26 sin e
Disappearance:
PU"‘;: — r’-{uJ — 1 — sin® 26 sin? {%TEL




_ 250 2 6m°L
P(v, — v,) =1 —sin” 20 sin” “7%

Oscillation Length Lo = 47TE/577‘12

Dissag%earance Amplitude of Oscillation

Fixed E, Lo
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o ms : 2 B + 2 8m?L
(P(vy — v,)) =1—sin®26 <.\111 %>

Spread E, .
Dissappearance , .
= AL Bt RAALL E e A effectively incoherent
1.0 ——n_ r mass eigenstates
A 08| \ ‘.f\l =
’:1 . ‘\. ||| t+. l,f‘. : 1 « 2 9 9 1 4 9 . 4 9
- | i _ sin220(1) = cos ;
A oosl \,.\ [ | /At sin“26(3) = cos™ € + sin
S i \ i' U’ )
2 i \ f - -
& 04~ \ | - W+ — ut + vy probability cos? 6
. ;. O r aps .
Amplitude —im2L/2E - Wt — 4t + vy probability sin® 6
f: ‘ f;‘ Jhu.j H 1
i . 10 flavour fractions |v4) and |v,) during

) W o oo propagation remain unchanged

Source Target
lﬁ probability 11 contains v, is cos® 6

o= s ot ) probability 15 contains v, is sin®#




Using the unitarity of the mixing matrix: ( Wif‘j - [Vu.jVH*J.V:kV,%] )

. Am?2 L
k , k
P(va — vg) =d8ap —4  Re[W (] sin’ ( 4EJ; )
k>j *

For 2 families: Vyng = ( —sinf@ cosf

cosfl sinéf )

2
e 2 e 2 1 Am“ L
P.s = sin” 26 sin (_4EV ) — appearance

Paa = 1 — Pag < 1 — disappearance




g=m4 Am=0003eV  L=730km E =206V 64 Am000%V

——

7N
4 \

|

E, (GeV) L(km)

Oscillation probabilities show the expected GIM suppression of any
flavour changing process: they vanish if the neutrinos are degenerate



Probability for Neutrino Oscillation
In Vacuum

P(va — v3) = [Amp(rva — Lﬁﬂg —

2

Py = sin?20 sin® (4-L) — appearance

Poo = 1 — P,g < 1 — disappearance



Probability for Neutrino Oscillation
In Vacuum

P[;Ii',x'ﬂ_ — .”j‘} — |..%_111]-}[\|”ﬂ — '”-.'?”2 —

P.g = sin” 260 pearance

Pu;u;x =1 Rxﬁ nce

Am? (eV?) L(km)
E(GeV)

L/E becomes crucial !!!

1.27



Evidence for Flavor Change:

* + + Atmospheric and Accelerator Neutrinos with L/E = 500 km/GeV

~ » » Solar and Reactor Neutrinos with L/E = 15 km/MeV

Neutrinos from Stopped muons L/E= 2m/MeV (Unconfirmed)



Atmospheric neutrinos

e Atmospheric neutrinos are produced by the interaction of cosmic rays (p, He, ... ) with the
Earth’s atmosphere:

| Al — =B K ...

)

n — /Ji +V_u 1

3w — ei+\'e+\"u;

e at the detector, some v VH.--"' \ N Nv+ VE
AN _ :
interacts and produces a e _‘;_ : ~2
charged lepton, which is <—> NVe 1\v‘!
observed. Yl i Ve
o ".-’.' :f..

A deficit was observed in the ratio u /e events: Soudan2, IMB,
Kamiokande



Atmospheric Neutrinos

Detector

Cosmic ray

Isotropy of the > 2 GeV cosmic rays + Gauss’ Law + No v, disappearance
Pv,, (LTP)

¢y, (Down) =1
But Super-Kamiokande finds for E, > 1.3 GeV
| \'u(L- )
PP 0544004

Py, (Down)




Zenith angle distributions

| ' Best fit
V€ Vq _ _ sin?20=1.0, Am2=2.0x10-3 eV2
2-flavor oscillations Null oscillation
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Half of the upward-going, long-distance-traveling v,
are disappearing.

Voluminous atmospheric neutrino data are well
described by —

vV, ——»V
with —

2~ -3 2

Am, 2 = 24103 eV

and —

sin?20.. =~ 1

atm—
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L/E Analysis

5 2
=
= 1.8F —— oOscillation
0 1.6} Decay
o 3 14| — Decoherence
<+ Oscillation, decay and — [
decoherence models tested 3 1.2] + 4
R HRRT AT
xzosc = 83.9/83 9 0.8 + + I‘LI
Y24, = 107.1/83, Ay2 =23.2(4.80) © (6 I
2. =112.5/83, Ay?=27.6(5.3 O
4 dec )4 ( U) £ 0.4 + +
3 0.2 ¥
2 3 4
Q 4 10 100 10" 10

L/E (km/GeV)
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p+tp »H+et + 1y, p+ e +p ~» H+ v,

—— -
2 o 3
85 % ._!'j_:i_. He +) e 15%
*He+He + “He+2p *He+He ~ "Be+y

0.02% N

7 - i
‘Be+ p + °B+y bet & LFvg

‘Be* » ‘He +He

He+p ~ ‘Het+e" + 1,



Solar Spectrum:

' Galliu : Chlorine |—_.SUPGTK, SNC')

loll: PP 1% l Baheall-Pinsonnesult 2004 ! ]) _I_ I) _}2 H _|_ €+ _I_ ]/e
10

; m'.r Rins ]

e } <12% ox | Bpp = 5.94(1 £ 0.01) x 10%m—2sec™1

= ot Be|| Be pep !

L.. 10'!' K .!

5 100 b

% 100 1 T — 7 .
/ Iy = 4.86(1 +0.12) x 10%em2sec™!
100 } O1p. = 4.86( 12) X cm” “sec
1903 o = —3 % ‘

Neutrino Energy (MeV)

Figure 1. The predicted solar neutrino energy spectrum. The figure shows the : B(‘ + P =38 B —° B( 5 + e + Ve
energy spectrum of solar neumnos predicted by the BPO4 solar model [22].

For continuum sources, the neumno fluxes are given i number of neutrinos . = QO \ 09 6 . T
cm-2s5-1 MeV-? at the Earth’s surface. For line sources, the units are number Psg = -).?_‘..-..(_ | == 0_3) X 10°em ™ “sec

of neutrinos cm~>s~'. Total theoretical uncertainties taken from column 2 of

table 1 are shown for each source. To avoid complication in the figure, we have

onutted the difficult-to-detect CNO neutrino fluxes (see table 1).



Total Rates: Standard Model vs. Experiment
Bahcall-Serenelli 2005 [BS05(0P)]

f1.0:3%

048 0.07 691:)
7
0.4140.01 6715
e-)ﬁt()d}

Cl H() Kaniokande

All v

i 'Be m PP, pep Fxpcnmcnts o

Theo
ry i mCNO Uncerlainties |

Ray Davis & John Bahcall Theory v Exp.

Neutrino Flavor Transistions!!!



|dentical Solar Twins:

. flavor eigenstates
— Ve
Vi
N 22227
_— e — — — - —_— — — — ® & & ¢ o
1
e Vo
. y mass eigenstates
/9

\. /1



Kinematical Phase: sm2, = 8.0 x 10~5eV?

sin® @, = 0.31

-2
A omoL 1 97 8x107° eV? . 1.5x10" m
AE ' 0.1—10 MeV

Effectively Incoherent !!!



Vacuum v, Survival Probability:
<PEE> — fl cos? Q'E';' + fﬁ 51112 9@

where f1 and fo are the fraction of 111 and 15 at production.

f 6
In vacuum fi; = co E : v I
WUai* Prop(vi) U[Siw
Source Target

(P..) = cos*0 +sin* 6, =1 — sin”® 26,

for pp and “Be this is approximately THE ANSWER.

f1~69% and fo ~ 31% and (P..) ~ 0.6



pp and ‘Be

e ’
® .1
” 21
V " '
1 1/ fl o
M | 69Y
\ 2 N )
I
fa ~ 317
L /C

P
(P.e) ~ 0.6

fy =sin? 6
13 < 4%



What about 8B ?
SNO's CC/NC

$ (x 10°cm? s

CCv.+d—e +p+p
NC:v,+d—ve+p+n
ES: v, +e — v, +e

CC — (Pee) = f1c0s20p + fasin? g

~emn= Qomy; 68% CL.

— o, 68%,95%,99% CL.

Nen
LT

I +-- s8%CL.
o s8%CL.
[ ¢z 68%CL.
B o s=CL

1 TR A

1 = . 12 25 I 2 3¢
¢, (x 10° em? 59)

L1 4 1 1 1
05

fi= (% —sin® ) / cos 20

— (0.35 — 0.31)/0.4 ~ 10



/ /9 V9
® — -
V2 1o

< V2 f:]_ ~ 10 (% )

(Pee) = sIn“ 60 + f1 cos 20 =~ sin 6 = 0.31

Wow!!l How did that happen???

energy dependence!!!



MSW

I\qutrino SPectrum in Sun
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Wolfenstein ‘78

MATTER EFFECTS
CHANGE THE NEUTRINO Mikheyev + Smirnov Resonance WIN "85
MASSES AND MIXINGS



Neutrino Evolution:

ZatV—HV

in the mass eigenstate basis

N2 2
= "1 and H — \/1) ¥ '”1 -)() D)
V2 0 \/[)" + m35

B = \_./pj + m?

'

Y 2 ; —om? 0
. P TM3 1 ¢ |
H = (])/-b 4p )1+ 1E ( 0 om? )
»

om? =m3 —m3 >0



in the flavor basis

v — Urvand H - UHU'
where v = ( :T ) and U = ( _u:fﬂ ;;1 ,;} )

and therefore in flavor basis

H — 5-m2 ( — COS 29 Sill 29 )

4E sin 26, cos 20,

o ( E{ 0 ) _ 51m2 ( —cos 205 s 26 )
0 Ey ) sin 26 cos 20, Flavor



Coherent Forward

Scattering: dimensions [GpN,.] = M—2L3 =M
-
e4 Ave L '\/§GF]\/€: Oce
PAAANAS N, is number density of electrons
A w : ; :
" e +(-) for neutrinos (anti-neutrinos)

v e,p.n .
- P Same for all active flavors,

7 therefore overall phases
Vo €,p,n

'

+vV2GpN. 0\ _ GpNey 1 +v2GEN, 0
( 0 ) vm et 2( 0 —V2GEN,



Including Matter Effects in the Flavor Basis:

. —dm? cos 20, + 2v/2GpN E, dm? sin 20,
Hriavor = 755 2 in 9 sm2 cos 20 — 2V/3C N
dm= sin 26 dm*cos 20, — 2v2GpNE,

Diagonalize by identifying with
—f)‘m%, cos 20N r’)‘m',z\, sin 26

dm3% sin 26y  dm3; cos 2605

Masses and Mixings in MATTER: d/n%, and 9\'

. onN 2 eng ¢ N2G =N
dm3; cos 267 om~ cos 20, —2V2GpN E,

. 2 . i _'n'hr v 2 - i
Omay sin 260 om”~ sin 26,

Notice:
(1) Possible zero when dm? cos 26, = 2v/2GrN_E,
(2) the invariance of the product §m?sin 26,



v, disappearance in Loooong Block of Lead:

: v D oA . B
1 — P(ve — ve) = sin? 20 sin? Ay

- 2
~_omyL
AN = iE

same form as vacuum



The Solution:

5?”;23‘{ — \/@H 20, — QﬁGFE\'TeEp:

sin QN % (1 _ (0m®cos 205 —2V2GpN, E,,,)) QN > 9.133.

4:‘!?*.'r’.r:-:1ﬁh

+ (0m2sin 26..,)2

7
Quasi-Vacuum: 2v/2GpN . E, < dm?cos 26 PP a nd ‘Be

om? and 6 =6,

—~ 2 L
0M Y
Resonance (Mikheyev + Smirnov '85): 2v/2GrN.E, = dm? cos 26,

om3% = dm?sin 260 and 0 = 7/4

Matter Dominated: ‘2\/§GFNEE,, > dm? cos 20..

°B

dm3; — 2v/2GpN.E, and 6 — 7 /2



Ve =2 19

for °B
o

‘I N
1N _

at birth

Solar Center

Life of a Boron-8 Solar Neutrino:

Once a 12 always a sl

1_ -

1

toddler

Vel
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- .
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teenager

v

Exit Core

V-

adult

v

Exit Sun



Counts/ {10 keV x day x 100 tons)

Borexino results (2012)

200

— Fit: y'/HDF = 55/60

— "Be: 49%3 cpd/100 tons|
NpA+CHD: 202 cpd/100 tons

— "Hr: 29i3 opd/100 tons

Moy 24%1 opd/100 tons
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Solar Pair Mass Hierarchy:

1 /
N Vel Yy Vil
sin“ #. sin’ 8.
- Amg,;
ARE B L - —
z

H. - ;T/—.I: 93" > ﬁ/—l

Fractional Flavor Content

Who cares ?
1] for neutrino in matter
SNO does !!! o o
(P..) = cos? H\ cos? ., + sin? H\ sin’ 6., = L %cros 26’\ cos 26,

if 0o < /4 if 0., > /4

< gﬂg-;) -~ S111™ H. Pu = 5(1 + cos“20.) > g

Solar Hierarchy
Determined !!!

SNO: (Pee)day = 0.347 4 0.038




Day/Night Asymmetry:

. 2 . 2 . 2 . 2 Ag |\ .
sin” Az — sin” fg = sin” 0 + 2 sin” 26 (6”?2 ) in the earth,
: ) . Amplitude fit separate D, N:|;
A=2(D-N)/(D+N) expected to be few % Am Am (D-N)/((D+N)/2)
‘ SK-| | 2.0=18+10% | -10+17=1.0% | -21+20=1.3%
SKI | -44:3.8+1.0% | -44+3621.0% | -55:4.2:37%
TSkl | -2.2:27+07% | -38+2.620.7% | -5.9£3.2+1.3%
SK-IV | -36216206% | -3.3+15:06% | -40:18:14% |
comb| -3.3£1.0+0.5% [-3.1£1.0+0.5%| -4.1+1.2+0.8% |-
non-zero s
Gl %0 [ w0 [ w0 |

Spectral Distortion:

A characteristic of matter effects is that

the Fraction of 15 is energy dependent .

Smaller at smaller E.

Implies an increase in FP,.. near threshold.




Summary:

The low energy pp and "Be Solar Neutrinos exit the sun as
two thirds 171 and one third 2 due to (quasi-) vacuum oscillations.

f1 =65 £ 2%, fo=235F2% with P._ = 0.56

The high energy °B Solar Neutrinos exit the sun as
"PURE" 15 mass eigenstates due to matter effects.

12

fz - ﬂ]. :I: EEFI'] and f]. e = I ' I | I T T | T T T ]
10 =
o : :
% <F .
. 2 “ 8 .
,sin“ #,, — - ]
: 2 I [ w i 6F E
Ams-ol g - :
I i -
1 4 B solar —
[ 90, 99% C.L. .
Ve o Vﬂ VT- T T
%).2 0.3 0.4 0.5

. 2
sin O, ,



Testing solar neutrino oscillations with reactors

. ° ) p . 2 :
1 — P(ve — ve) = sin” 26, sin® A

10-° eV?

- 2
dm= L
A = 4F

1 MeV

10°m =100 km




expected no-oscillation neutrino event rate at KamLAND

Ratio
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Summary:

The low energy pp and "Be Solar Neutrlnos exit the sun as
two thirds 171 and one third 1
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With 3 different Am? 4 light neutrinos needed!

4th v: cannot be active — must be sterille. Mixing matnx: 6 6;;,
3 Dirac-type CF phases. But: simplifications occur — only

two possible type of schemes: 2+2 and 3+1

4-neutrino mass schemes:
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On March 2011 .... ArXiv 1101.2755 12 %
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It means that for experiments at reactor-detector distances < 100 m the
ratio of observed event rate to predicted rate shifts

0.976 £ 0.024 — 0.943 +0.023
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The Gallium Anomaly

Tests of the solar neutrino detectors GALLEX (Crl, Cr2) and SAGE (Cr, Ar)

¢ sin2(20) ~ 050 Am2~2eV?2

Experiment Type Channel Significance
LSND DAR B, — 7, CC 3.80

Signals at
SBL are at the

5 e e MiniBooNE SBL accelerator vy —= v CC 3.40

P sl MiniBooNE  SBL accelerator | 5, — ¥, CC 2.80

N lpoultmg i GALLEX/ SAGE | Source - e capture | Ve disag_)gearance " 2.80

D " t N Reactors Beta-decay v, disappearance 3.00

1 dl.l ection K. N. Abazajian et al. "Light Sterile Neutrinos: A Whitepaper”, arXiv:1204.5379 [hep-ph], (2012)
o(*"Lr) =58.1x 10 ~“em (L'Ggs5), = |Kea=U.B0+ V.05 |
a
| MIW | | ] [SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]

Hax'ton: [Hata, Haxton, PLB 353 (1995) 422, nucl-th/9503017; Haxton, PLB 431 (1998) 110, nucl-th/9804011]

o(°1Cr) = 63.9 x 10 “°cm?(1+0.106),, = |Rg, = 0.76755

[SAGE, PRC 59 (1999) 2246, hep-ph/9803418]



