The Knowns and Unknowns of Neutrinos

Visva-Bharati
February 03, 2019

Amitava Raychaudhuri
University of Calcutta



Neutrino properties

The dog that did not bark>
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Radioactive decays

Types: a, B, and y decays

-8
« a-decay: the parent nucleus, X, becomes a - particle - e

different nucleus, Y, by the emission of an a-particle.
XN Y2 +ta a=(@2n)@2p)  E,=My-My

Vg
: — *”S  Beta Minus
* p-decay: Inside the nucleus n—> p+e +v, o Decay N _e-
R — N 7
e

(No neutrino would give equality!) (beta particle)

- vy-decay: Nucleus de-excites by emitting high-energy y-ray
(XN? )= X +y E, = My. - My
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Units

Velocity of light. Choose units such that c =1
E = m ¢? = Mass and energy in same units

High energy ~ GeV (Giga-electron-volts) = 10° eV
Nuclear binding energy ~ MeV
Mass of proton ~ 1GeV

Quantum mechanics: Angular momentum ~ h units
Spin of electron h/2
We often choose units such thath = 1
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Neutrino properties

Ve ry ||g ht g Ots’;g:‘{ffm ; Expected
h d % energies energy
Unc arge :
Hardly interact 5
Energy Endpoint of
spectrum
Produced e.g., in beta decay e

Ensures conservation of energy
Another important example ©t —» u* +v

Can pass from one end of the earth
to another without interaction

Harmless, Very difficult to detect
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Neutrino properties

* Neutrino interactions:

No strong interaction, no electromagnetic
interaction.

Only weak interactions (2 types: CC and NC)
2

Cross section =6 (v,+e > v +e ) ~ 10" cm

c.f.o ~ 10 cm? (em), ~10°° cm? (strong)

 Sterile v: No weak interactions
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First neutrino detection (1953)

Need an intense neutrino source
One option: Test of nuclear device (X)
Chosen: Nuclear power plant (V)
Copious source of antineutrinos

Fred Reines (Nobel 1995)

> Inverse betadecay v +p —e*+n
» 40kg of dissolved Cd Cl,

Scintillator coupled to photomultipliers

> e* promptly annihilates: 2y S | Ve NAQ» »

» n Is slowed down by Cd e

» Then absorbed by Cd

> Delayed photon from Cd y -decay Scintillator coupled to photomultipliers

» Coincidences observed. L —————
L_-)e'+eE>d2*( Cd Cd+y

Neutrinos detected!

arati)
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Types of Neutrinos

Brookhaven Accelerator: 15 GeV energy proton beam
p + target material > many pi mesons + other stuff
n* are unstable particles. They decay!

Pion decay: n* —» p* + v (?)

» All the particles are made to hit a 13.5m steel wall
« n* p*are absorbed inthe wall. .
beam  rarget proton accelerator

* Only neutrinos remain. B Y Yo Wt T W

pl-mescn steel shiela spark chamber

Deam

« 5ton spark chamber detector e

The accelerator, the nevtrino

* 17 Aluminium %" gap (Ne gas) Peomme e oo
A%

+ Nioeddawen, in ahich the peotons
> = vV > @ NO T SEEN ros oo tied. The pi mesons (1),
e . which ware produced in the graton

Colisaans with The target, d«‘u’ intp  tondrete
acms (1) and acutrizos (v, The 13
m thick stead shiald ctope all the
Partiies eucept the « perelrate
newinnes. & very small fracton of &
nautrings react in the datoctior and

[ ] Tc+ % u'l‘ + Vu gave rise to meons, which are Ben

otscryved o the spark chamber,

- U + v, (Not allowed) AL ———

R ) sl
Part of the ciroular sccelaraior in \ -

H

Conceptof man-made neutrinebeams«(1962)

Leon Lederman,
Melvin Schwartz,
Jack Steinberger
Vi # Ve
Nobel 1988

detector -

-
.....
.



Neutrino properties (contd.)

e RS e

Three types: v, v, v, are known. . l .

A v, Is produced from an initial electron (e). Similarly, v, v. are
associated with p, t leptons.

e 7 T O=-e
electron MLON tau
v, vy, v,
Many properties discovered electron  muon tau =0

neutring neutring P trin

In the past two decades Snd

150 gen. gen. 3" gen,
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Elementary
Particles

UCI\‘

up charm top

d s|b }
e down §strange) bottomn |

electron muo tau
neutrino neutring § neutring

[ Neutrinos

ejuL| T

electron§ muon tau

Leptons /Quarks

Elementary particles

Force Carrie

Three Families of Matter

Fermions

Higgs Boson!

Source: http://electron9.phys.utk.edu/phys250/modules/module6/images/simplemodel2.gif
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Standard Model

 The Standard Model describes strong and electroweak
Interactions.

 Mediated by gluons, W-boson, Z-boson, and photon.

* Fermions: Left- and right-handed quarks, left- and right-
handed charged leptons, left-handed neutrino. No vg!

Right-handed: Left-handed:

Parity violation!
¢ o~
 Masses of W, Z, quarks and leptons via Higgs

mechanism.

* NoO vi In SM = Neutrino is massless. Chosen for
consistency with information of that era.

* (B-L) is a symmetry of the Standard Model
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Neutrino interactions

Did you see it?
No, Nothing!

Then it was a
neutrino

[ W= exchange ]

CC: Charged CW

vetnN2e+p

Z exchange ]

NC: Neutral current O
Vit P 2 Vet p
v,tn=>v,+n (X=e, 1)
|BEl@
=
e Vey Vg, Vr Ves Vys Vs _E

W Z '/ﬁ_\"

Ve :
€ .p.n e .p.n e
6
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“Did you see it?”
“No nothing.”
“Then it was a neutrino!”
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Neutrino Sources

50 billion neutrinos/sec from the natural radioactivity of the earth

Experimentally observed: <[E O e F'“XJ
Solar neutrinos (Fusion reactions)
Atmospheric neutrinos (pion decay)

Accelerator neutrinos (pion decay)
Nuclear Reactor antineutrinos (Fission reactions)

10

10"

Future:
* Long baseline expts such as DUNE, H2K

Cross-Section (mb)
3 3 a a

(KEERERERERERRERERERERERRRRER
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« Sun generates heat and light through fusion reactions
dp > *He +2e" +2 v, + 27 MeV (i)
 Just like sunlight, solar neutrinos are reaching us (day & night!)

* Reaction (i) does not take place in one go. Rather, it is the
conseqguence of a cycle of reactions, e.qg.

p+p—>2H+e" +v, < ppneutrinos
The v, energy spectra from these reactions are well-known.

Robust prediction of the number of solar neutrinos reaching the earth
as a function of energy is possible. These have been detected by
several expts. But ...
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Reactor neutrinos

Nuclear power stations run on fission reactions.

A heavy nucleus, such as Uranium or Plutonium, breaks

Into lighter nuclel and neutrons and other particles.

A large flux of electron antineutrinos are produced.

Energy In the few MeV range.

Daya Bay, China =

Excellent source for neutrino experiments.
France, China, Korea and other countries
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Neutrino beams

«  High energy (few 1000 MeV) neutrinos are produced at
accelerators. A high energy proton beam hits a target and
produces many particles (among them n*)

Pions decay to produce neutrinos (" — 4" +v,)

«  Neutrinos from CERN or Fermilab (USA)

Ahsorher Muon Monnm
Target \ | ’—
o Decay Pip
arget Hall o' falfy \a, o,
[ _.:___ . == I SN r + [ e
T | Sl
e e ) PR T
Hums "~ !u-&—‘_"“m‘". L‘fuv-'
P 1T W ety g e ¥ o i .
I°n Nn l L )
b w R*__:_‘.‘ JS! [ Rock
2n X o .‘.7l||n'
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Neutrinos are produced in the atmosphere

from cosmic ray pion and kaon decays 4
eg. (m 2 +vy), (W2e +v,+v)
and the charge conjugate processes :

Typical energy ~ 1 GeV '

Expectation: R =(# v+ v )/(# v+ v,) = 2 \

SuperK: R,,/R . =0.635+0.035+0.083
(sub-GeV)

= 0.604+0.065+0.065
(multi-GeV)

T. Kajita

Earth
No. of v, depends on zenith angle (up-down asymmetry)

No such effect for v, (1997) Masatoshi Koshiba
Nobel: 2002
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Atmospheric neutrinos
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Solar neutrino results

Expt Obsvd/Predn E, (MeV) Type
Homestake 0.335+0.029 0.8 Radiochemical
(from 1968) v, +°'Cl > *Ar + &= (CC)

Ray Davis

GNO, SAGE, 0.584+0.039 0.233 Radiochemical Nobel: 2002
Gallex v, + "Ga > "Ge + e (CC)
K, SuperK 0.459 + 0.017 5.0 Water Cerenkov

(1989) v,+e > v, +e (CC+NC)

SNO CC 0.347 £ 0.027 6.75 Cerenkov
v,td=2>p+p+e (CC)
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Solar neutrino results

Expt Obsvd/Predn E, (MeV) Type
Homestake 0.335+0.029 0.8 Radiochemical
(from 1968) v, +°'Cl > *Ar + &= (CC)
GNO, SAGE, 0.584 +0.039 0.233 Radiochemical
Gallex v, + "Ga > "Ge + e (CC)
K, SuperK 0.459 + 0.017 5.0 Water Cerenkov
(1989) v,+e > v, +e (CC+NC)
SNO CC 0.347 +£0.027 6.75 Cerenkov

v,td=2>p+p+e (CC)

A.B. McDonald

SNONC  1.008 + 0.123 2.2 v+d>n+p+v(NC)
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Neutrino oscillations
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Neutrino oscillations

« A guantum mechanical phenomenon relying on the
superposition principle.

* Inthe oscillation of a pendulum, the bob alternately
reaches the left and right end-points of the trajectory.

During travel, a v, becomes a v, and then back again to a
V. ThiS oscillation process continues.

L)’

Prob(v, Dv,, L) =4 c?s* sin*(nL/ 1) b

D.4

C = Cc0s0O
S = sind

Maximal mixing
0 =mn/4

The oscillation wavelength (and hence probability!)
depends on the neutrino energy.
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How does this help?

. Solar neutrino detectors look for v.. Some (Cl, Ga and SNO CC) are
totally insensitive to v, v.. SK has a smaller sensitivity (about 1/6) to
other types. Only SNC51 NC is equally sensitive to all.

If some v, have oscillated to a v, when they reach the detector then they
will not be seen (except in SNO NC). Count will be less.

. Atmospheric vy, v, are detected through the e, " they produce. At their
higher energles the v, hardly oscillates, while the v, oscillates to V.,
which do not produce L. This reduces the measured ratio R. Also, the
zenith angle dependence seen for v, is explained.

: Other experiments (at nuclear reactors and using neutrino beams) have
seen clear signals for neutrino oscillation.
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Some Quantum Mechanics

Stationary states: H |[¥ >=E_|¥ >
Time evolution: |V (t)> = exp(-IEt) ¥ (0)> (only a phase)

General state (t=0): [¥(0)>= > a, [|¥,(0)>
General state (any t): [P(t)> =) a, exp(-iEt) [¥,(0)>
Phase differences ~ (E;— E; )t —> physics consequences

Neutrino stationary states: [v,>, [v,>
(mass eigenstates)

Neutrino flavour eigenstates: |v,>, |v,>
Mass < Flavour states: Ive> = |v,>c0sO + |v,>sind

[v,>= -[v;>sin6 + |v,>cosH

February 03, 2019 RINP2 (Visva Bharati)



Quantum Mechanics of neutrino
oscillations (contd.)

Iv.> produced at t=0 - |¥Y(0)> =|v,>= |v;>Cc0s0O +|v,>sInb
At a later time: [¥(t)> = |v,> cos 0 e"E1t + |v,> sing e E2!

Prob (Ve 9\/”, L) — | < Vu |\Ij(t)>|2 =4 C2 32 |e'iElt = e'iE2t|2 ( , ,"“‘x, t‘i‘; :

Neutrinos are ultra-relativistic: p>>m = E. = (p* + m?)”* = p +m?/2p
(E, - E)t=(mP?—my)t/2p=(A2p)t=AL/2E

Prob(v, Dv,, L) =4c*s? sin(nL/1) where (L =4nE/A

Survival Prob. = Prob(v, 2v,, L) =1 - Prob(v, 2v, L)
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More on v oscillations \

3 Flavour
Mass

Essential ingredients: (i) A = m,* - m,” # 0, (ii) sin © = 0. 2/

Matter effect: Mass is a measure of inertia.
In a medium inertia (and hence mass) changes.
Neutrino mass and mixing affected by medium (MSW effect)

Solar neutrino problem: A =6.07 X 10° eV? (i) tan“0 = 0.41
(Best fit -- MSW LMA)

v, oscillates to another "active’ neutrino (SNO NC = 1)

Atmospheric neutrino anomaly: A = 3 x 10” eV* (ii) sin°20 = 1
(Best fit)

v, oscillates to v
m.= 5,00,000 eV
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Three neutrino mixing matrix

Two flavour mixing:

Ve §&=— Vu
0 In 6
U= COS sin /
Vi

-sin 6 cos 6

In reality there are three flavours (3 angles, one phase):

. . . —id
‘( C1z2C15 S12C15 S13€ \I
[

N L] " '-'j ] 5 -ﬁ

— 81233 — C12823513€" C12023 — 81258338)13€" Sa3C13 :
. i . , . 140 .

1'\ S1a823 — Cy2l238]13E —C12833 — §120238)13€ Cazlla /’

The phase ¢ signals CP non-conservation
All three mixing angles must be non-zero for CP-violation
0,5 ~ 9° (2012) Daya Bay and RENO experiments
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Three neutrino mass ordering

I . 2 2 . 1% 1%
Solar neutrinos: m,= —m,= > 0: [ e 3 I# ]
VAmsol
_ _ V1 | B ] ?
From atmospheric neutrinos, 0 Am>
2 _ 2 | i
only |m3* —m,# | is known A2
Mytm N7
? 73 N i

A

A 2

v Am
A y sol

0,5#07 v3 [ U1 [T
Inverted hierarchy = Normal hierarchy

ve@m Vp@d vrO

Normal mass ordering?
or Not known!
Inverted mass ordering?
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Open issues

« Standard model (SM) of particle physics has
massless neutrinos.

* Oscillations signal mass difference. What is the
neutrino mass?

« What is the mass ordering? Is there CP-violation?

« Is the neutrino its own anti-particle = Majorana
neutrino!

* New physics is needed if m #0?. Many new ideas.
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India-based Neutrino Observatory

INDIA

AMMU & KASHMIR States and Union Territories
o Srinagar

HIMACHAL
PRADESH

PAKISTAN
ARUNACHAL PRADESH

SIKKIM

* utTAR L \ m Tanage
RAJASTHAN N\ R T
s . y . P A4S
Jaipur g 4 P 1 d 'i"
\ " y . ‘m oDhima
~ EGHALAYAS

o Bhopal

Labaopya PRAGESHTST

Pottipuram: 9957’'N, 77°16’E
(Bodi Hills)

ORISSA
Bhubangs

YANAM BAY OF BENGAL
{Pondicherry)

LE o Yomun® §. Near TamilNadu-Kerala
ot N gy e porder

KARAIKAL ANDAMAN & NICOBAR ISLANDS
{Pondicherry) e

Thiruvananthapuram$

o

Location of INO . 1km rock coverage

Copyright @ Compare Infobase Pv. Ltd. 2003 MaB no to chla

V.M. Datar

February 03, 2019 RINP2 (Visva Bharati)



o @ ARE NEUTRINOS
YN\ THER ONNp

ANTIPARTICLES ,

Majorana Neutrino?

« Can the neutrino be its own anti-particle? (v = v¢?)
The photon is its own anti-particle. (Also r°)
* Insuch an event, lepton number is not conserved!

« A consequence = Neutrino-less double beta decay (0v2p process)

P.B. Pal, V. Nanal, A. Shrivastava

* Normal double beta decay (2v2B): X 2> Y +2e + 2v,

* Neutrino-less double beta decay (Ov2B) : X 2> Y +2e (oc<mv>2)
* Look for peak in 2e total energy
e Current limit<m > < 0.2 eV.

@/
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ce Probability

Appearan

0.020

Prob(v, v, L) =4 ¢*s® sin’(A L/ 4E) ‘ |
(A L/ 4E) should not be too small nor too large “

Beam Excess

Sterile neutrino?

04 06 08 1 1.2 1.4
L/E, (meters/MeV)

A=m,? — m,? is fixed by the neutrino masses = This fixes the region of (L/E) to
wfuch experiment should be sensitive.

Conversely observation of oscillations at a certain (L/E) = Indicative of a certain
(msy,* — m;?)

LSND Experiment (1995) used a v, beam from =* decay and observed oscillations.
L=30m, 36 MeV <E < 52.8 MeV For this (L/E) => A= 1-10 eV?

0.015F+

—— best fit
§ v mode: 12.84 x 10* POT
1  #mode: 11.27 x 10* POT
g LSND

0.010+

0.005

0.000 -

=0.005

4

0.0

0.5 1.0

1.5 2.0

L/E [meters/MeV]
W ottt

Is this result correct?

MiniBooNE (2018) with L~ 0.5 km and
200 MeV < E < 1250 MeV get similar results

Note (L/E) is similar. 4t sterile neutrino?
M.R. Janani

harati)

MiniBooNE
+ LSND

Does not match with solar and atmospheric neutrino!

4t neutrino? Sterile?




Neutrino-Nucleus scattering (COHERENT EXxpt)

This is not an oscillation phenomenon.

Normally we consider neutrinos scattering off electrons or perhaps
guarks.

Neutrino-Nucleus elastic scattering (much like Dark Matter detection)
B. Mukhopadhyaya

Here, neutrinos scattering coherently off nuclei. Scattering mediated by Z-
boson exchange. Energy must be low ( < 50 MeV) so that the wavelength is
comparable to the nuclear size.

The cross section o« N2, where N is the no. of neutrons in the nucleus

Pulsed beam (helps background estlmatlon)

scattere B - st Pb v, NIN total
Small-sized detector (14.6 kg) v it LEmer ek
Csl scintillator, - | o
. n Nuclear
6.7c signal E ~ 16 — 53 MeV Poson \recoil _p :
@
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Fermion mass

* Fermions have spin! Left- and right-handed

fe rm I O n S Right-handed: Left-handed:
=yt o O
V=Y " VYR = ot T

* Fermion mass couples left to right:
my v =m(yg W+ W yg)

« Standard Model: There is no right-handed
neutrino.

 |f there is only left-handed (or right-handed)
component then m=0.

February 03, 2019 RINP2 (Visva Bharati)


//upload.wikimedia.org/wikipedia/commons/a/a9/Right_left_helicity.svg

How to get m =0?

 The mundane way is to add a vi to the SM.

* This solves the problem but has no explanation of the
smallness of m,,.

« This is the major hurdle in neutrino model building. To
explain the smallness, one always needs new physics
associated with some heavy scale, M (See-saw!). For
Majorana mass, lepton number violation is also needed.

* Generic form of see-saw: m, = (const)/M

N Khan
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Simplest new physics

Left-right symmetric model = vi required by symmetry.

Nature Is parity violating. Left-right symmetry is broken at
a high energy scale, M.

Neutrino mass matrix:

m

} Mg » m
m M,

Two Majorana neutrinos: v, (mass m,), vg (mass Mg)
See-saw mass formula: m, = (m?)/Mg.

Pati-Salam model and other grand unified theories
contain left-right symmetry.

How to test for M?
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Takaaki Kajita (Japan)
&
Arthur B. McDonald (Canada)

For the discovery of neutrino oscillations which shows
that neutrinos have mass
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Looking Ahead

Mixing between three neutrinos =\
CP-violation in lepton sector t ]
Majorana neutrinos / .

Sterile neutrinos

Long baseline experiments

INO

Neutrino mass matrix

New physics: new interactions, symmetries, etc.
Astroparticle physics: e.g. Supernova, Nucleosynthesis

A. Dighe
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