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NEUTRINOS

Certainly one of the most exciting areas of
research at present is neutrino physics.
Neutrinos are fantastically numerous in the
universe and so to understand the universe we
must understand neutrinos. “If there were no
neutrinos, the sun and stars wouldn’t shine.
There would be no earth, no moon, no us.
Without them we wouldn’t be here”. [Boris

ip — *He + 2et + 21, + 26.7T MeV
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+ Neutrino was the first particle postulated by a
theoretician:

+ |n 1930's protons, neutrons and electrons were
considered as elementary particles. Such a picture was
confronted with two fundamental problems:

+ Conservation of energy and A.M. in 3 -decay
n—p+e

+ Continuous 3 spectrum can not be explained for 2-
body final state if energy is conserved, since in that
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—  To solve these problems Pauli assumed
that there exists a new electrically neutral

elementary particle, with spin %2, mass
less than electron mass and an
interaction much weaker than photon
Interaction. Thus
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Direct observation of v was made
much later In 1950's. v¢'s
(electron-type antineutrino) are
produced in the decay of pile
neutrons In a fission reactor.
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whose cross-section was measured by
Reines and Cowan:

Oep = (11 + 25) X 10-44cm2

Note the extreme smallness of the cross-
sectlon (nuclear cross sections are

~10 cm"’) It is a reflection of the fact that
neutrino has only weak interaction. It is
remarkable that neutrinos which have
almost no interaction with matter have
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It is fair to say that the results of the last
decade on neutrinos from the sun, from
the atmospheric interaction of cosmic

rays, and from reactors provide a

compelling evidence that neutrinos
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Neutrino Mass

+ Neutrino occurs in one helicity state (left
handed). This together with lepton nhumber
conservation implies mv = 0. However, there
IS no deep reason that it should be so.
There is no local gauge symmetry and no

massless gauge boson coupled to lepton
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Moreover, all other known fermions
quarks and charged leptons, are
massive. But the intriguing question
is: why ?

m (Ve) << m (e)
Which needs to be understood, even
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Neutrino mass has added importance for two
other reasons:

* The interesting phenomena of neutrino
oscillations is possible if one or more of
neutrinos have non vanishing mass.
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(&) Astrophysical constraint

The total mass-energy of the universe is composed
of several constituents, each of which is
characterized by its energy density, which is
expressed in terms of critical density

.'Clﬂh = ﬁm.'!juf'ﬂ
is the minimum density rec

uired for

Critical densit

SYir

—— R .0 X 10* eV em™
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What is the neutrinos contribution to Hot Dark matter
(since relic light v's had relativistic velocity). Neutrinos
are fantastically numerous

ny = —ny = 112¢m™

So if they have even a tiny mass, they can outweigh all the stars
and galaxies in the universe.

o0 (112) (Z Moy EF) eV em ™3
i

puo
il
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S SLAMABRD

Unfortunatelx there is no direct .

particle physics evidence on 2im..
We shall come back to this question
later.

Here we simply note that

pvo S pco
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Double B-Decay

The double B-decay is another way to look for a finite
mass of neutrino. Two kinds of double -decay can be
considered:

2V) (AZ) - (A,Z+2)+2e +2Ve

(0V) (A,Z) —> (A, Z + 2) + 2¢
sually the neutrinos are assumed to be Dirac particles.
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The important physics issues in (0v)
double b-decay are:

¢+ Lepton number must not be conserved,
which is possible if neutrinos are
Majorana particles:

+ Helicity of the neutrino cannot be exactly
-1, this can be satisfied if mv # 0.
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< Mv >-= Zi Uei? My

As shown the expectation value is
weighted by neutrino’s electron
couplings.
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& There is direct evidence of (2v)pp decays

(2v)BB %%Se — 32Kr

Tv =(1.10% x10%yrs

For (Ov)Bp
(0v)BB "°Ge — "°Se + 2e”
Tv 2(1.9) x 10 yrs

)ne recent result, has claimed the evidence for this
decay with the best value

T+ =(1.5) x 10 ®°yrs
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If the above finding were to be
confirmed, it would be the first '

indication of lepton number
violation in nature and that
Majorana neutrino can exist in
nature.
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% Cosmological constraints
on neutrino mass

Plecant measlrarmenis of ins
flucilaiions Jj 210 Orolting
oosarvaiory called tne Wilkinsor
ICTOWAVEINISOWORYAEIOLE
WIUIAP) zinel il zinzlysis nzya
settled a number of issues abou
the universe, its age, its expansion
rate and its composition.
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HO = (72%5) km s~ MPC™’
Age of universe = 13.4 * 0.3 billion years.
Q= p/p. =1.02£0.02
pom=(126%021)x10"° eVicm?®
Q. =0.23 £0.05
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(e

ctrurn Scale of v-rmass from

~().2eV
Tritium § decay ¥, [UZ] |my| < 2¢V [KATRIN
Fxp
(Costology Yo <069 eV~ (0.05=0.1)eV
30 <m, =Y, Uim, ~ 0026V

Claimed Observation (ﬂ.BQijﬂ) eV/
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Orlcin of Neuirino Masses

The minimal standard model involves 3
chiral neutrino states, but it does not
admit renormalizabile interactions that
can generate neutrino masses.

If one allows right-handed neutrinos vR
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vy +— Vg, Ng+— Nfby CPT
vr. Ngr each have 3 flavors
mp  Dirac mass matriz (Higgs Doublet)
MY Singlet Majorana mass matriz (Higgs singlet)
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I'n the ordinary seesaw eigenvalues M = mp
T

m = —mpM 'mj,
After the spontaneous symmitery breaking
the vacuum expectation value ((Hy) = v = 175 )

generates the Dirac mass (mp);; = hyjv .

i
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Mve~Mmo?2/ M= v /M << me,

by requiring the existence of large scale M,
associated with new physics. Indeed,
since v= 175 GeV, m.= 0.03 eV, for M= 10"

GeV.

« Neutrino masses are a probe of physics at
MGUT.
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Neutrino Osclllations

Oscillations in vacuum

+ Neutrinos are produced in weak interactions as flavor
eigenstates, characterized by e, , .

+ The flavor eigenstates |Voc> need not coincide with
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where the mixing matrix is
unitary. This matrix is
characterized by 3 angles,

912 — 93 913 = 02, 023 = 01, One
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The probability at time t that V: is converted into
Ve is

P vi —vr =sin20 sin?[1.27 Am?/Ev] L
Where L is the distance (measured in meters)
travelled after Vi is converted into Ve.

Am? = m+2 - m22 in units if eV2 while E is
measured in MeV.
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Osclllartion 1n rmmarcter

+ |n traversing matter neutrinos intract with
electrons and nucleus of intervening material
and their forward scattering induces an
effective potential energy

Sqrt2] Gr Ne,
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The survival probability (P(Ve = Ve)) as a function of
Ev is displayed for various mixing angles in figure.

7 jr'MSW matter |

107 100 10% 10°  10°

4E /Am’ (eV )
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cvicdence tor Oscillations

One looks for oscillations in two types of
experiments:

Appearance experiments:

Here one searches for a new neutrino flavor,
absent in the initial beam, which can arise
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+ Atmospheric neutrino anomaly:

Atmospheric neutrinos are produced in decays
of pions (kaons) that are produced in the
interaction of cosmic rays with the atmosphere:

D+A— 1+ A
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These neutinos are detected in and beneath
underground detectors through the
reactions
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+ There is compelling evidence that atmospheric
7 neutrinos change flavor as the Super-Kamiokande
experiment clearly indicated a deficit of up-ward

LL-like events (produced about 10*km away at the
opposite side of earth) relative to the downward
going events (produced about 20 km above). The
e-like events showed a normal zenth angle
dependence.
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# Solar Neutrinos
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Particularly compelling evidence that the solar
neutrinos change flavor has been reported by
the Sudbury Neutrino Observatory (SNO). SNO
measures the high energy part of the solar
neutrino flux ( °B neutrinos)
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The reactions

vd — vnp
— €pp
ve — ve

employed by SNO. SNO measured arriving ve+vpu
+vt flux, ¢e+odur, and the ve flux, gpe. From the
observed rates for the first two reactions, which

B,

(.5306 = (L0510,
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This implies that the flux ¢u: is not zero.
Since all the neutrinos are born in nuclear

I IS Clear thal neutrinos change Tiavor.

Corroborating information comes from the
detection reaction ve — ve, studied by both
SNO and Super-Kamiokande.

The strongly favored explanation of solar
neutrino flavor change is the Large Mixing

ANaqle a NN O Ne |\/ I\l eTTE A N The DE
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¢ Disappearance experiments:

Reactors are source of Ve through the
neutron B-decay

n—p+e + Ve
and experiment looks for a possible

decrease in the Ve flux as a function of
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+ Kamland experiment confirms that Ve do

Indeed disappear when the reactor Ve have

travelled = 200 km. Ve flux is only
0.611 O 085 + O 041 of what it W0u|d be if |
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Neufrino Mass Matrix

As discussed the data from solar and atmospheric neutrino
and reactor antineutrinos experiments provide evidence
for neutrino mass and mixing with two different mass

scale and large mixing angles.
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= Amj; = (20 +£0.8) x 1077 eV?
= sin’ 26, = 1.00 £ 0.04
Amiy = (7.1 £0.6) x 107 eV
tan? 63 = 0.45 % 0.06.
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Since the oscillation data
are only sensitive to
mass squared
differences, they allow
for 3 possible

arrangements of the
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For the degenerate neutrino mass

m1~m2~m3 >>\/Am3 =0.045
the effective mass in neutrinoless double B-decay is

larger than ~ 0.05 eV, constrained
from above by the mass limit from tritium 3-decay
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effective mass [<mpg=| (eV)

0.100
minimum nentrino mass (eV)
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If effective mass is confirmed to be
+0.17
0.39 eV
-0.28
It would strongly indicate that neutrinos
follow degenrate mass pattern, when
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Conclusion

#+ To conclude various neutrino mass patterns and
corresponding neutrino mass matrix types are
possible. Further the absolute value of neutrino
mass is not yet determined. However, one thing is
certain that neutrinos are providing an evidence for
new physics but the scale of new physics is not yet
pinned down. The heavy right handed neutrinos at
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