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Why V's ?

Neutrinos are so far the ONLY evidence beyond the SM

Neutrinos are rewarding

+ Fermi: formulation of B decay theory
* Reines: detection electron antineutrinos

* Lederman, Schwartz and Steinberger: v,

+ Davis and Koshiba: solar v interactions

* Kajita and McDonald: v oscillations
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Obsery

ed/No Oscillations

08

2012))«2maj0r discovermparticle physics

* A SM-like Higgs boson (ATLAS, CMS)
The key to EWSB and a possible window to

Weighted Events

N * ©,,~ 10° (T2K, MINOS, Daya Bay, RENO)

\M — about as large as it could have been !
' The door to CP Violation in the leptonic sector

Is- The Whele Universe made of~—

Protons Neutrons ?
NO!
Proton_s Neutrons
are rareties!

For every one of them, the universe contains a
billion neutrinos v!
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Within each cubic centimeter of space
~ 360 neutrinos from the Big Bang

— 8 million
w .
neutrinos !

Passing through each person-on earth every second:
One hundred trillion neutrinos from the ‘sun.

The sun shines because of nuclear fusion in its core.

This fusion produces—
» Energy, including visible light
« Neutrinos
‘¢ The-atoms more complicated than hydrogen
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Our view i v View

A

Almost all neutrinos zipping 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

willinteract as it zips through one of us 1s
1’/ 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.

» No ¢energy from the sun to keep s warm.

» No-atoms more complicated than hydrogen.
No carbon. No oxygen, No water, :
No earth. No moon. No us.

No vs is very BAD news. "
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Summer Schools (if existed) were VERY short .....

Studies of § decay revealed a continuous energy spectrum.

Positron energy spectrum from
beta decay of % Cu

Relative number of
positrons emitted

Q of the reaction
v =0.653 MeV

0.6
Positron kinetic energy in MeV

L L
0 02 0.4

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.
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...deb,oe'cate 'cemed# to save the law of conservation of enetgy...

Neutron Decay:

n—p+e + i

Fermi postulated a theory for 3 decay in terms of spinors

Gr — —
Hew =75 Wp TuWn Wer" wy




A Dirac field is described by a four component spinor

4 N

Standard Model of Particle Physics

Gauge Theory 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 Ugas(1)

by HIGGS
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S[:::(Q) X [T}’(I) = [vEJI(I)

Force Carriers: W=E, Z% and ~ masses: 80, 91 and 0 GeV

) u c
quark, SU(2) doublets: ( d )L. ( < )L. ( ' )L

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

T

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

lepton, SU(2) doublets: ( Ve ) ( Vi ) ( Vr )
“ /L o)L T )L

neutrino, SU(2) singlets: — — —

charge lepton, SU(2) singlets: eg, pg, Tr

Electron mass

comes from a term of the form

L(,‘)(‘R

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.
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Interactions:

Charge Current (CC) Neutral Current (NC)

W= Z0 = vy + Ua

l/r\ @}
W= — I3 + g 70
: : /—}-

2
- M
F(ZO_)f+f):1i—gz Z[|Ct£ |2+|C£ ] o
487 Y T

=€, [, or T

Invisible width of Z plus other data from LEP:
7V — v
Implies N, = 2.99 £ 0.01

ALEPH

Energy (GeV)

Th ree Acti\/e Neutrinos! I Sterile Neutrinos don't couple to Z°
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Note That

W= =1+,

Standard Model

!(_L Vea
W= \/vvw\A< Z"

Ve -~

couplings conserve the [.epton Number L
defined by —
L(v)y=L(/")=-L(v)y=-L (/") =1.

Actually L., L,, and L,

separately
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Left Handed Nature of The Neutrino

lo
W= 70

Va

Va
(8
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
diserete transformations in nature:

e Parity P E > —&
e Time reversal T t— —t
e Charge conjugation c q — —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
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In T v P v T In
P D——D
{b) {c)

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+,
W+ — 1t + v,
=€, orT
Anti-neutrino, 7, has +ve helicity, Right Handed
Neutrino, v, has -ve helicity, Left Handed
vy and Ur are CPT conjugates

massless implies helicity = chirality
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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
Vi \ _ cosfl  siné 1y
Uy —sinfl cosd Vo

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

M

but vy and 5 are the states

that change by a phase over time, mass eigenstates.

] —ipi-x|,,. . e,
lvj) — e Pi%|yy) p; = m;
a,3... flavor index Z,J ... mass index
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Production:

V) = COS B|r1) + sin 1)

Propogation:

COS H(,frpl..rlul} + sin Qe P2 T ’}2:}

Detection:

lv1) = cos b|vy,) — sinB|vr)

o) = sin A, ) + cosf|v.)
2/ J& T
( )_( ::.i‘i:}() ;::’f)}

P(vy — vr) = |cos (e ~P1IT)(—sinf) + hillﬁ(z'f"l’3'r)CUhH|2

) (

Vy

125]

)

P(v, — v;) = |cosB(e™"P17)(—sinf) + sinf(e™"P2'7) cos 4|2

Same E, therefore p; = \/E? —mj = E — -

: : e B 7
t,faF_'rtfap_,L o t,frtEfff?L) t,—“H_J.L/-?E

|x_><,

=

e Pi'T —

P(“,u =) = :-;i][gH('(lh‘zﬁlr‘"m]?[‘/ﬂj _ (.-?P711L/‘3E|3

; c 2
— i 90 ainl dMm L
P(v, — v;) = sin” 20 sin” 2

dm? = m3 — m? and ’i:—:;};L = A kinematic phase:
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P(v, — v;) = |cosB(e™"P17)(—sinf) + sin f(e™'P2") cos 8|2

2
- “ m
Same E, therefore p; = /E? — m3 =~ E — 5f

. : ; ; 5 —im2L/2
e~ iPiT — (-_'_‘E‘!-‘_‘_"n-"" - t,—rtEf—E.’.) e ouL,f..E'

.9 e . ; .2 o€
P(V‘u — ) = S]]l“H(‘()h‘zle —im3L[2E _ (,—rmlL/?EI.?

2 9 4
a2 o 2fm= L £
P(v, — v;) = sin” 20sin % hc)

Amplitude e—'i,mj;’fL/2E

U — cosfl  sinf
@l —sinf cos#
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Appearance:

w290 w2 omAL
P(vy — v7) = sin” 20 sin” *J5

Disappearance:

! _ a2 -2 8miL
Py, — v,) = 1—sin” 20 sin” “ =~

- 2 22 §m2L
P(v, — v,) =1 —sin” 20 sin” 2=

Oscillation Length Lo = 47.'E/(51112

Dissappearance

-
. ” o
Fixed £, “a N
E /1
A 08 [ : H ' 1
Ed r ]
a b \ I H '
06— Vo ‘
-‘ r \\ f ﬁ
S [ Vo )
& oaf \ :
- \\/'I} ” ‘
02~ 0=0% | |
°8 1.00 3.00 10.00

001 003 010 030
Lo

Amplitude of Oscillation

s D
sin“ 26
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\ .92 s 9 S
(P(vy = vy)) =1—sin” 26 <hlll' —)’J"‘EL>

Spread E), .
Dissappearance L )
i daics i B | ] effectively incoherent
Lo ] mass eigenstates
A 08 \ :'n'ﬂ|
:‘1 ‘.‘." »“ ‘: I ] .. D 1y 4 . 4
A o8| \ I AV 1 —sin”26(5) = cos™ 6 +sin” €
s [ & 7+ - 1 2
& o4 / W+ — " 4 1y probability cos=6
Amplitude : im3L/2F . '”""F . ,”—i— 4 Vo pr0bab||lty b‘il'lz 0

: J 1
i ‘ : “1o flavour fractions |v4) and |v,) during
> >—;,,-J - U:;{ propagation remain unchanged

i Propiv) !
Source
% probability v1 contains v, is cos? ¢

| S et ) probability 12 contains v, is sin? 0

L

d*k
£=0 lva) = 3 Vaslp) = 3 u,j/(z—wfj(k)lw(k»

where k.éz =k + mf and |vj(k)) = e "0|v;)

The wave packets f;(k) depend on the production process (uncertainty
in momentum of the inicial states, kinematics), but we do not need to

know the specific form:
(k) e~
We expect that
_ E_P\2 /(0,2
filk) ~ F(k) + O (my/|k|) ~ e~ K7R/(07)

fei3rc|f(k)|2 —1




We have a dectector located at some distance down the beam line
x = L:

—1 fm 2 + k24 :3h .
z=1L |va(2)) = Z/ (2n)? © ™ fi(k) Vajlvi)

where neutrino can interact producing a given flavour. The probability
that the flavour we measured is 3 is: |(vs|va(z))|?:

We can safely neglect terms of O(m;/|k|) except in the phase factor
because they are enhanced by L:

2

,,_.L
P(ve — vg) = ZVBJ Vai VpiVai [ d% & T | ()

L\. jL
~ '3
Z V.Ijj’ “J‘ij' ai® M’Tl

with A = m? —m

There is an intrinsic limit to coherence, because o # 0!

=5 (- rs)
k| Tkl +o

If L > Lp:

k
~ 2t = Lp ~ an.u
o

1
P (v, — =§;vm-vi2=2 @ sin” @ = —sin” 26
( vg) | il cos” @ sin 2 Sin

i

In practice, the smearing in L and E,, produces the same effect when
L > L,.: averaged oscillations

1
(P (v — vg)) = EsiHZ 260

7/17/2023
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Using the unitarity of the mixing matrix: ( Hfi = [\-’,._1-‘,'.1}\'”’k\',“‘.] )

i Am? L
ik .2 k
Plva — vg) =6bap —4 AE>‘ Re[\‘\‘i'ﬁ] sin ( 4};}/ )
0> ]

2
; Am: L
ik " k

+ 2 E Im[\?\-flﬂ] sm( 2[;, )

k>j “

- s@ sin @
For 2 families: Vyng = CO? s
—sinf cos#f

s 20 . 2 (Am2L
P,3 = sin” 20 sin — appearance

1Ey

P,,=1— P,; <1 — disappearance

3 7
B=m4 Am=0003eV L=730km E =26V Ged AmE000eV

0

E, (GeV) Likm)

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

7/17/2023
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Probability for Neutrino Oscillation
iIn Vacuum

P(va — vg) = |Amp(ra — :.{,-3}|2 =

2
20 2 Am® L
P,z = sin” 20 sin (T,,) — appearance

Poo =1 — Rxﬁ <1l— disappearance

Probability for Neutrino Oscillation
In Vacuum

P(va — vg) = [Amp(va — vg)|? =

FPu.p = sin 20 pearance

Poow =1 — Py nce

[ 27 Am? (eV?) L(km)

E(GeV)

L/E becomes crucial !!!
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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 |

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

II‘ A+ Agiy — o K5 K.
= ut vy,
o= e VeV

e at the detector, some v
interacts and produces a
charged lepton, which is
observed.

A deficit was observed in the ratio u1/e events: Soudan2, IMB,
Kamiokande

7/17/2023

21



Atmospheric Neutrinos

Detector

Cosmic ray

Isotropy of the > 2 GeV cosmic rays + Gauss” Law + No v, disappearance
¢v, (Up)
¢y, (Down)
But Super-Kamiokande finds for E, > 1.3 GeV
o, (Up)

— o Dowy~ = 054004

Zenith angle distributions

) ) Best fit
V> Vg ) sin?20=1.0, Am?=2.0x10-3 eV?
2-flavor oscillations Null oscillation
450 P s L
L) o Paf g
- - - ol
s 44~ + =0 e ‘aﬁ i : 1E
s 5300 by pbat st .+_ 1 o8 b ——
B i~ it 4 ++ FeE
E Z 15 B E
_ E .5 M E o TS oy
sub-GeV e-| E 5E = o - :
II‘.! 1 .- -l;.ﬂ ; llj 1 '-l A8 06 04 02
cos) cos
3 fio s
=g b = 3 +
3 s ¢
SN | W S W S
+Y 8 * T4 2 =
b F1s ¥
= B g 1 ko
* 0s
Cr BN m._e o B T 4‘/.“84'. e
13000km 500km 15km 13000km 500km
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Half of the upward-going, long-distance-traveling v,
are disappearing.

Voluminous atmospheric neutrino data are well
described by —

’
u T

with —
2~ -3 2
Am, 2 = 24103 eV
and —
sin? 20, =1
atm—

Multi-GeV u-like + PC

W
]
e

)

[IIIIIII llTll I TTI[II

Numl)eruot' Events
g 28 2 8

1
1 -
50 [
0:|||!||||‘ [T B
-1 -0.5 0 0.5 1

cos0,
l

(Super-K)
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L/E Analysis

+Oscillation, decay and
decoherence models tested

[ S N S &
- N OB N

Data/Prediction (null oscillation)

Oscillation
Decay
Decoherence

1osc = 83.9/83 0.8
2aey = 107.1/83, Ay2 = 23.2(4.80) © (p
12ec = 112.5/83, Ay? = 27.6(5.30) 04
0.2
0
2 3 3
1 10 10 10 10
L/E (km/GeV)
3.5 ; : , ‘ . ‘ ‘
& DeepCore
T 3.0- ] ]
T
2 2.5 1 1 ]
Fool s 1t ]
=
90, 99% C.L. NO - 90,99% C.L. 10

Sin2923

02 03 04 05 06 07 0802 03 04 05 06 07 08

5in2923

https://globalfit.astroparticles.es/

3.0 T T

NN
b o
T
=
o
<
>

|[Am3,| [1073 eV?]

n
N
T

90,99% C.L.

MINOS

NO

90, 99% C.L.

sin2623

02 0.3 04 05 06 07 0802 03 04 05 06 07 0.8

Sil12923
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Solar dm?

Solar Engine:

dp + 2~ —4 He + 2, + 26.7MeV
E = mc?

1 v, for every 13.4 MeV (=2.1 x10712 J)

L., at earth's surface 0.13 watts/cm?

Lo 043 10 /.02 /¢
by = 575-z = 6 X 1077 /em=/sec

This corresponds to an average of 2 v/'s per cm?

since they are going at speed c.

7/17/2023
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——

p+p »2H+et + 1y, p+ e +p — H + g
———

H+p »—»3He+))

85% P,

— 15%

‘He+He + He+2p

*He+'He ~ "Be+y

0.02%

‘Be+ p +~ ®B+y
8B - Be* +et+ v,
’Be* ~ “He +‘He

AW

Bet+ e » TLityg

Li+p » “He +He

Het+p - Hete" + vy

Solar Spectrum:

SuperK, SNO
EUpen, o

Galliumg IChIorlne

10

10" F-/"' PPl 1% l Bskhcall - Picsonneault 2004

10
»

! +12%

2 | 212% 1
P 2%
g me|| me| per
£ 1
.5 oy o
] , 12
= oy |

toey ] 1

° V/ s1ex

10t . -
‘ 1l

I o3 1 3 M)

Neutrino Energy (MeV)

Figure 1. The predicted solar neutrino energy spectrum. The figure shows the
energy spectrum of solar neutrinos predicted by the BP04 solar model [22].
For continuum sources, the neutrino fluxes are given in number of neutrinos
cm~?s-! MeV-? at the Earth’s surface. For line sources, the units are number
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

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

p+p —»2H—|—f""—|—JuE

Gpp = 5.94(1 + 0.01) x 10%m~2sec™!

"Be+e~ =" Li+ v,

drpe = 4.86(1 +0.12) % 10%em2sec™!

"Be + p —® B —% Be* + ¢~ + v,

Qs = 5.82(1 2 0.23) 10%em—2sec

—1
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Tolal Rates: Standard Model vs. Experiment
Bahcall-Serenelli 2005 [BS05(0P)]

Z /. Z
B.1012 %10 - /‘“’ % 10'33!%
1043
[_ 7

cl H,0 ramicrante D,0

® 'Be m P-p. pep Experiments m

Th
o ‘i mCNO Uncertainties

Ray Davis & John Bahcall Theory v Exp.

Neutrino Flavor Transistions!!!

]
045 0.07 26915
7
0.41£0.01 679
2)6 0.23 ISD 0.02

50.88:0.06

Al v

Kinematical Phase: dm?2 = 8.0 x 107 5eV2

sin? 6. = 0.31

sm? — 197 8x10” 5ev? . tsx10Mt m

A~ =
4E 0.1—10 MeV

A~ 107F1

Effectively Incoherent !!!
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Vacuum v, Survival Probability:
(Pee) = frcos®0c, + fosin® 6

where f1 and fs are the fraction of 11 and 12 at production.
f 4

In vacuum f; = co E : T Ny T /
WUai* Prop(v;) U[aiw

Source Target

. : 1 o
(P..) = cos* 8y +sin* 0, = 1 — Lsin? 26,

for pp and "Be this is approximately THE ANSWER.

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

pp and "Be

"
» ~A0
/ ) vy .f]_ ~ 69%
I/l
e -
/1 . a1 0

(P.e) = 0.6

fa= sin® B3 < 4%
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What about 8B ?
SNO’s CC/NC

G (x 107cmZ s

CCvo+d—e +p+p

I oo ss% CL.
I < se%cL
[ e 8% CL.
Il o= ss%cCL

NC:v.+d—v.+p+n

5 5
TTTT[TTT T [ TTIT[ITTT[TT,

ES: v, +e — vy, +e” 3

25 31
¢, (x 10° em? 5

L£E = (Pee) = f1cos? g + fasin® b

fl p— (% — 311129; ) /('L)HQQ.:.

— (0.35 - 0.31)/0.4 = 10

pp and "Be

1%
P f1 ~ 69%

12}
w2

1
@

vy N
Vo v 5 ~ 31%
8 B \ e 1 f-

- f g~ 90%

vy 1 B q Al
2 f'l g IU(/
() o= sin? @ + f1 cos 20 ~ sin® 0, = 0.31

Wow!!! How did that happen?7??

energy dependence!!!
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These are 5 Neutrinos !l
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