What Are Neutrinos Good For?

Energy generation in the sun starts with the reaction —

p+p—=>d+e’ +v
11, L1

Spin: 5 3 > 5

Without the neutrino, angular momentum
would not be conserved.

Uh,oh ......
, The Neutrinos _ The Neutrino Revolution
Nel'itrinps and photons are by far the most abundant (1 098 — )
: ~ . elementary particles ifffthe universe. o
%: v There ar€340 neutrinos/cc. *'*® @
The neutrinos are spin — 1/2, electrically neutral, leptons. Neutrinos have nonzero masses!
The only known forces they experience are )
the weak force and gravity. Leptons mix!
This means that their interactions with other matter
have very low strength. Neutrino masses suggest, via the
Thus, neutrinos are difficult to detect and study. . .
4 See-Saw picture, new physics
Their weak interactions are successfully described far above the LHC e nergy scale.

by the Standard Model.



The discovery of neutrino masses
and leptonic mixing has come
from the observation of
neutrino flavor change
(neutrino oscillation).

~ The Physics of
eutrino Oscillation

reliminaries

The Neutrino Flavors Neutrino Flavor Change

We define the three known flavors of neutrinos, v,, Vi Voo If neutrinos have masses, and lep tons mix,

by W boson decays: we can have —
w T
€ w T W / A /
W w W n __'..o/ VM' T v, ik
Ve Vu Vi - Detector

Long Journey

As far as we know, neither . .
Give v time to change character

u e
W / Short Journey R0 V, —>V
> —tny T

i v, =22 Detector g

nor any other change of flavor in the v — ( inferaction ever

occurs. With a =e, u, T, v, makes only £, (/. =e, (,, =u, l, =7T).
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Flavor Change Requires Neutrino Masses

There must be some spectrum
of neutrino mass eigenstates v;:

A
Vi3

(Mass)?

Mass (v;) = m,

This mixing is easily incorporated into the Standard
Model (SM) description of the /vW interaction.

For this interaction, we then have —

Semi—\yeak Left-handed
coupling

v

Ly =--3 > (fLaVAVLaWA + VLaV;”fLan)

‘/Ea=e,u,r

— A _ _ A ¥ +

=‘% > (fLaV UiVLiWa + VLY Uy LLaWa )
I a=e,ux

~123

Taking mixing into account

If neutrino masses are described by an extension of
the SM, and there are no new leptons, U is unitary.

Flavor Change Requires Leptonic Mixing

The neutrinos v, , . of definite flavor

(W —ev_ oruv, ortv,)
must be superpositions of the mass eigenstates:

—_ %k
I¥a> = 12 U*  lv> .
Neutrino of flavor
a=e,Wu,ort

LNeutrino of definite mass m;
PMNS Leptonic Mixing Matrix

There must be af least 3 mass eigenstates v;,

because there are 3 orthogonal neutrinos
of definite flavor v,,.

The Meaning of U

/L:td W+ J‘/Kzﬁ
> %7 > > .‘\X\Y >
+ 8 ,* v V; 8 0
Uy EUOH_ i i EU/),l. B
Vi V2 V3

Uel Ue2 Ue3
U= u UMI UMZ UM3
T Url Ur2 Ur3

Q

The e row of U: The linear combination of
neutrino mass eigenstates that couples to e.

The v, column of U: The linear combination of
charged-lepton mass eigenstates that couples to v, .
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Neutrino Flavor Change (Oscillation) in

Approach of
Vacuum B & Stodolsky )
f:(e.g. w) f[;(e.g. ) 7
Amp M
W) vg) W
i Source Target
p— g(.i. g[‘} —
=2Amp W — ® iy
i % U,.
U(Xi Prop(vi) Bi
_ Source Target

Amp [Va_’VB] = ZUOd* Prop(vi)UBi

What is Propagator (Vi) = Prop(vi)?

In the v rest frame, where the proper time is T
i—vi(1) >= my|vi(1;) >
87’7;
Thus,

|Vi (Ti) >— e*im,,;r,;

I/L<O) >

Then, the amplitude for propagation for time T,

1s — |
Prop(v;) =< v;(0)|vi (1) >= e~ .

In the laboratory frame —
Time t

<« Distance L

The experimenter chooses L and t.
They are common to all components of

For each v, by Lorentz invariance,

(Ei’ pi) x (t,L) = mT. = Eit — piL .

the beam.




Neutrino sources are ~ constant in time.
Averaged over time, the
et _ o-ikot interference
1S —
< e-i(E1-E2)t >t =0

unless E2 = E] )

Only neutrino mass eigenstates with a common
energy E are coherent. (Stodolsky)

For each mass eigenstate ,

R

o

|
3,

pi =/ E? —m;?

o
=

Then the phase in the V. propagator exp/- -imi'ci] 18
mx, =Et-pL=Et-(E- mi2/2E)L

=Et-L)+ mi2L/2E .
H,-J

Irrelevant overall phase )

Probability for Neutrino Oscillation in
Vacuum

P(ve — vg) = |[Amp(va — vg)|* =

L
o * % . 2 2
= 0pg — 42%(UaiUmUag‘Uﬁj)Sm (Amij E)
1>
0N (U U, U U sin(Am?2, =
+2)  S(U5:UpiUa;U;) sin( M)

i>j

where Am?j =m? — m?




For Antineutrinos —

We assume the world 1s CPT invariant.

Our formalism assumes this.

P(v, — 73) crr P(vg — vy) = P(vg — v U — U”)

Thus,
=) (—
P(vy, — vg) =

* * : L
= (5(1/3 — 42%(UazUﬁZUOéJUBJ> Sln2(Am%j E)
1>
2 L

+2 > S(ULUpiUaiUp;) sin(Am2; %)

1>7]

A complex U would lead to the CP violation
P — 75) # P(va — vs) -

Must we assume all mass eigenstates
have the same E?

No, we can take entanglement into
account, and use energy conservation.

The oscillation probabilities
are still the same.

— Comments —

1. If all m. =0, so that all Amij2 =0,

=)

)
P(v, — VB) = 6045
Flavor change = v Mass

2. If there is no mixing,

1 1

a B#a

W w
but

Vi Vi
talways same v;

=T =O,sothatPéV&—>‘\7é)=6a

(in[S;:oc,i

B

Flavor change = Mixing




3. One can detect (v, — VB) in two ways:
See [ In a v, beam (Appearance)

See some of known v, flux disappear (Disappearance)

4. Including 7 and c

L L(km)
2 L _ 2( 2
Am 1 1.27Am*(eV*) (GeV)

sin?[1.27Am?(eV)? Lf(((l},{:i;)

its argument reaches O(1).

] becomes appreciable when

An experiment with given L/E is sensitive to
E(GeV)
Am?(eV?) & — =
meV) ~ e

5. Flavor change in vacuum oscillates with L/E.
Hence the name “neutrino oscillation”. {The
L/E is from the proper time 7.}

(—) (G}

6.P (v, — vﬁ) depends only on squared-mass
splittings. Oscillation experiments cannot
tell us

V3
5 AmZ,
(mass) y
vf _r }Am2
0

7. Neutrino flavor change does not change the
total flux in a beam.

It just redistributes it among the flavors.

All 3

active

¢1/€ + gbl/u + ¢I/T < ¢Original

Important Special Cases

Three Flavors

For B # o,
—im2 L * o * _im? —im
e "M2EAmMP (v, — vg) = » UyUpe™i2Fe

= UaaUjse™ 2 + UaaUgo® 2 (U303, + UnaUs,)

Unitarity
= Zi[Ua3U53€1A31 sin A31 + UangzelAm sin Agl]

2 L 2

ijag

m?)— :

where A;; = Am 1E




. _ ‘ - 2
P{l/o)é — (1/5)) = ‘e_"n?%Amp*((Voz — 1(/[3))‘

= 4[|Ua3Upss|? sin® Az + [UnaUpz|? sin® Agy

+2|Ua3Ug3Ua2Ugg| sin Agl sin Agl COS(AgQ (i) 532)] .

Here 033 = arg(UasUjsUj5Up2) , a CP — violating phase.

Two waves of different frequencies,
and their CF interference.

When There are Only Two Flavors
and Two Mass Eigenstates

Va2 —+—
Am?2 Majorana

v1_L _OF phase

cosf sin@ s 0
cos 0 1

—sinf
Mixing angle

- “) L

F
or B # o, 1B

(S =)

P(vy < vg) = sin® 20sin*(Am? —) .
L

For no flavor change, P(vq — vo) = 1 — sin® 26 sin2(Am2E

19

).

When the Spectrum Is—

A%

V3 v$—¢—\ Invisible if
L
2 _
Am?2 or Am?2 Am E O).
:/?% \@J—
For B # a,

P(ve — vp) 2 4|UasUss|? sin”(Am? )
For no flavor change,
P(ve — Vo) 21— 4Uas)2(1 — |Uas|?) sin®(Am? &)

Experiments with Am? % = (1) can determine the

flavor content of Vv,

Neutrino Flavor Change In Matter

AVG
Earth (& Ve
Accelerator _~—~————"—= .
» > ~w Detector anOIVeS or W
= ——— =X W
e \ Ve € _
vf e

Coherent forward scattering via this
W-exchange interaction leads to
an extra interaction potential energy —

+V2G:N,, v,
Vi =

T T Electron density

Fermi constant

This raises the effective mass of v,, and lowers that of
13




The fractional importance of matter effects on an
oscillation involving a vacuum splitting Am?is —

Interaction ~ Vacuum
energy energy

[V2GN,] / [Am%/2E] = x .

The matter effect —
— Grows with neutrino energy E
— Is sensitive to Sign(Am?)

— Reverses when v is replaced by v

This last is a “fake CP violation™, but
the matter effect is negligible when x << 1.

Evidence For Flavor Change

Neutrinos Evidence of Flavor Change
Solar Compelling
Reactor Compelling
(L ~ 180 km)
Atmospheric Compelling
Accelerator Compelling

(L' =250 and 735 km)

Stopped u* Decay Does MiniBooNE
LSND see this too??
L=30m

Very recent evidence to be discussed soon.

Solar Neutrinos

History —

Nuclear reactions in the core of the sun
produce v,. Only v..



Theorists, especially John Bahcall, calculated the
produced v, flux vs. energy E.

The Homestake experiment could detect only v.. It found:

¢y, (Homestake)
¢ (Theory)

The Possibilities:

= 0.34+£0.06

The theory was wrong.

The experiment was wrong.

Both were wrong.

Neither was wrong. Two thirds of the v, flux
morphs into a flavor or flavors that the Homestake
experiment could not see.

20

Ray Davis’ Homestake experiment measured the
higher-E part of the v, flux ¢y, that arrives at earth.

19

The Resolution —

Sudbury Neutrino Observatory (SNO) measures, for the high-
energy part of the solar neutrino flux:

Vsold‘%epp =>¢Ve

Vsold_)vnp =>¢Ve+¢\’u+¢\’r

From the two reactions,

q)Ve
q)Ve + q)Vu + q)V‘c

= 0.301 £ 0.033

Clearly, ¢Vu+ ¢v. = 0. Neutrinos change flavor.

P(v,—=v,)=023

21



Change of flavor does not change the total number of neutrinos. Rece nt EV|denCe

>
The total flux, Gy, + Py, + Pv,, should agree with :.f 0.8 From G ran SaSSO
Bahcall’s prediction. 2 C P.. (10 band)
'§ C ‘ e Borexino measurements
g8 0.7 e SNO
SNO: q)\/e + q)VM + ¢V1: = (5 54032« 035) x 10%/cm?sec 4 C e All solar neutrino experiments
5 0.6
Theory*: Qo = (5.69 £0.91) x 10%/cm?sec if — Oscillation
3 F o
*Bahcall, Basu, Serenelli g 0.5 S Prediction
-
+ -
3 0.4
s C o
John Bahcall and Ray Davis both stuck to g 0.3
their results for several decades, e T
. o C . ) T
and both were right all along. o 0% . o
~ E, [MeV]
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Reactor ( An’[|) Neutrinos The solar and KamLAND data are both described by
In KamLAND the same, single set of neutrino parameters:
Am2;=750x107eV2  tan® B = 0.44
The KamLLAND detector studies V_ produced by Japanese 2F (a) SOl e, mLAND.
nuclear power reactors ~ 180 km away. 18 F L eRen
§ 16 F O best-fit ® best-fit
Our understanding of solar neutrino behavior implies ‘g 14 ‘ KamLaNDsSolr | Analysis by
that a considerable fraction of these reactor v, <12y et | KamLAND
should disappear before reaching KamLLAND . g 1f * b
< 08 [
. 06|
KamLAND does see a disappearance : 0..=0
— 04 13
of about 1/3 of the Ve EETEETETE FETEY s SEUN FEUTE FETT PR PO

0.1 020304050607 0809 1

2
tan0,,
24 25



KamLAND Evidence for
OSciIIatory Behavior

For KamLAND, Xy4er < 1072. Matter effects are
negligible.

The v, survival probability, P(v, —=V,), should
oscillate as a function of L/E following the vacuum
oscillation formula.

In the two-neutrino approximation, we expect —

L(km) }

_ _ .2 .2
P(v, =v,)=1-sin"260sin .
(Ve =) E(GeV)

1.27Am2(eV2)

26

Atmospheric Neutrinos
‘ Detector

Cosmic ray

Isotropy of the > 2 GeV cosmic rays + Gauss” Law + No v, disappearance

ov, Up)
¢\,M(Down) -
But Super-Kamiokande finds for E, > 1.3 GeV
U
_M = 1/2.
q)VM(Down)

28

e Data-BG-GeoV,
r — Expectation based on osci. parameters
n determined by KamLAND
. 2 N |
Survival = £ (o ﬁ

oy ] N
probability £
— — & 0.6
PV, —>V) 3
of reactor v, 5 04
0.2f

0:.|.. bl AP PP P

i il PN P
20 30 40 50 60 70 80 90 100
L()/Ev, (km/MeV)

L, =180 km is a flux-weighted average travel distance.

P(v, = v,) actually oscillates!

27

v W W
nh S W
=T =T

-
7]
(=]

S
=)

Number of Events
lé)
=)
+1l|lIIIIIIIIIIIIIIIIIIIIIII

n
e <
IIIIII

| - Ll I 1 Ll L I | | | | I Ll 1 1

-0.5 0 0.5 1
cos0,

1
s

—

(Super-K) v
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Accelerator Neutrinos

Voluminous atmospheric neutrino data are well

described by — Two experiments: K2K and MINOS

Source
T U+, Far Detector

®:- -

Am?, = 24 x 1073 eV? <« 250 or 735 km —
and — Near 1
Detector
sin? 20, =1 1

[l

Expectation Observation
30 31
s
: ® MINOS best fit —— MINOS 2008 90% B ,_:
[ — MINOS90% - -- Super-K90% .
i g Region of the
3.0 - - MINOS 68% " Super-K L/E 90% ,* . « . oy
i atmospheric
& B . .
3 0 oscillation parameters
I
Q 25} allowed by MINOS
E L and
- Super-Kamiokande
20
! (From MINOS
B N RPN B Pl paper 1103.0340)
0.80 085 0.90 0.95 1.00

sin?(26)

A single pair of parameters, with ~ maximal mixing,
fits both the atmospheric and accelerator neutrino data,




