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Research in Fundamental Physics:




Convention:

» In particle physics: c=h=1
» Unit of mass and energy (E) are eV/MeV /GeV.

» Unit of time and length are 1/E.



Fundamental Interactions:

Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two  quarks separated by the specified distances.
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Fundamental Interactions:

Unification of Fundamental Forces

Neutrinos

: Gravi
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3-Million Dollar Prize:

electromagnetic

electroweak

P. V. Nieuwenhuizen, S. Ferrara, D. Freedman

Supergravity: A Special Breakthrough Prize in Fundamental
Physics 2019



Zoo of Particles: The Standard Model
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Zoo of Particles: The Standard Model

Fermions Gauge bosons Higgs boson
matter particles force carriers origin of mass
Quarks

u c t Y  ohoton 0

d S b £  guon

Leptons

v \y) zo Zboson

e u T Wi W boson

»> On 4th July 2012, LHC (Large Hadron Collider) had announced “the discovery
of Higgs boson”.

> It was theorized by Englert-Brout-Higgs-Guralnik-Hagen-Kibble . (Nobel Prize
2013 to Englert and Higgs)
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SM in T-cup:




The SM:

e Successes:

» The prediction of the W, Z bosons, the gluons, the top and the charm quark.

> Precise agreement with measurements of the fine structure constant
a A 1/137.035999070.

» The prediction of the Higgs boson.

> etc...
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Focusing on Neutrinos



Neutrino:

> In 1914, J. Chadwick first demonstrated the observed (-decay,
Beta-particle

6}
Neutro '/
\A . Proton

» Conservation of energy = the energy of electron ,

E.=(m}+ m?— mf,)c2/2mn (1)

> Experiment showed a continuous energy spectrum.

Beta decay Spectrum:

» Emission of 3 particle = an integral change in

Expected H
Observed b
spectrum of spmn.

electron
energy

» Violation of energy and angular momentum

conservation have been assumed in nuclear

Number of electrons

= [-decay.
AR Endpoint of
spectrum




Cont...

4 In 1930, W. Pauli came with an idea
known as to

explain the electron energy in [-decay.

“Wolfgang Pauli”



Cont...

4 In 1930, W. Pauli came with an idea
known as to

explain the electron energy in [-decay.

“Wolfgang Pauli”

> In 1932, Fermi presented the fundamental 5-decay through weak
interaction,

n—spte +7v
» Neutrinos are weakly interacting and almost massless.

> Electrically neutral and spin 1/2 fermions.



Pauli's Remedy:

Ihystkalisches Instiw

;::i;:ng Technischen Hochshule Dec 19 3 0: A

Zurich 4 dec, 19300
it

Desperate Remedy

As the hearer pf these lines will explain to you in more detail - and [ beg you to listen o

him with benevolence — | have considered, in connection with the ‘wiong' statistics of

VN and "Li as well as with the continuous [bspectrum, o way oul for saving the Taw of Al
change’ of statistics and the conservation of energy! ie. the possibility that ¢
nuclel there are particles electrically neutral, that | will call neutrons, which have
apin % and follow the exclusion pringiple and that i addition differ frum photons

‘because they do not move with the veloeity of light. The mass of neutrons should be of

ahe same order of magnitude of that of the electrons and anyhow not greater than 0.01 A
protonic ontinueus 1 spectrum w

n_and of the clectron n

amitied, in such a way that the sum of the energy of the new
remains constant.

The question is mow 1o see which forces aet on the neutrons, The mest probable meddel
appears 1o me 1o be, for wave mechanical reasons (the detail can be given to you by the
Thearer of these lines), Tor the nentron at rest to be 4 magnetic dipale pf a centain moment
R The experimental data certainly require for the jonizing power of such a neutron to be
ot grenter thaan it of @ gamms vy and therefore pshould net be grewer exll n

wm. | de not consider advisable, for the moment, to publish something about thes I have done
ideas andd first T apply to with confidence, dear Radioactives, with the question. what de

ou think about the possiblity of providing the experimental proof of such a newtron, if it h 3 b d
would possess 1 penctrating power equal or ten times greater of that of gamma rays? somethi ng very ba

T admit that sy selution mesy appear 10 vou not very probable, because it the neutron .
awinld exist, they would huve been ohserved long since. But anly who dares wins, and the 1’ oday by P ro P 0si
ard 1o the continuous [} spectrum is enlightened by the

gravity of the situation in re
wpinion of my predecessor in the chair Mr. Debye. who loag since ol me in Brussels: 1. | 1.h 1.
“Oh, the best 1 2 10 do is not 1o talk about, like for new taxes’. For this reason one a par‘ Ic e a
<hould consider seriously any way towards safity. Thus, dear Radioactives, consider and

jude. Unfortunatel Leannot come personaly to Tubingen, hecau]s.e Lan nesessary canno 1' be defe c fed:

iy i sl Bk it is something no
Your devoted servant, +heor‘i51’ should

W Pauli n -
From neutrinos to cosmic ever dO. W PGU]I
sources, DK&ER
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First neutrinos from nuclear reactors (20*" July 1956)

In 1956 a telegram to Pauli:
L .We are happy to inform you

nos..."

Clyde Cowan® - B  Fred Reines DY & Y
(J_mism] (1918-1998) - -8
o A / Nobel prize 1995 | Detector protot

Anti-Electron Neutrinos

from beta decay of fission o ﬁ]:l@:} o
products in ﬁ

Hanford e &L o o 3 Gam m:ls
Nuclear in coincidence
reactor % e o e% o

Note: the first v was discovered 26 years after it was first proposed.
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» In 1960, Pontecorvo suggested, v produced in 7+

from v in S-decay.

Leon M, Lederman

Melvin Schwartz Jack Steinberger

> The BNL experiment led to

— ut 4+ v may be different

proton

w7z
beam target proton accelerator Z "\z’—
g Qo 28 3“*
phmeson L el m"m"é'umw

beam

The aecdemor, lm neutrino
beam and the det

Part of the circular accelerator in
in which the

coll

lhpmgn
m::’(:)mdmﬁm(siﬂh
lM

mtnnu.l
neutrinos react
give rise to muons, which are then
observed in the spark chamber,

Based on 3 drawing In Scleatific Amerkcan,
March 1963

‘Nobel Prize in Physics in 1988’.
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» In 1960, Pontecorvo suggested, v produced in 7" — T + v may be different

from v in S-decay.

proton D
beam target proton accelerator 7/ ;;u e
\gaaaaadéa
pi-i mugn {

The accelerator, the neutrino
beam and the detector

Part of the dircular acceleratorin
in which

Leon M, Lederman  Melvin Schwartz Jack Steinberger  Jaied o2 daving b Scenth: Amerkan,

» The BNL experiment led to ‘Nobel Prize in Physics in 1988".

» In July 2000, the DONUT collaboration at FNAL announced the discovery of

third type of neutrino called ‘tau neutrino’ (v- ).

u]
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Important property of neutrinos
e Charged-current Lagrangian:

Y- \% 3" Tt la WP + Hec.

a=e,l,T

I Vo T 0, [y Do
W W w W
V, vV, V.

e p. T
Detector

e Lederman
Schartz
but not v Steinberger

n

{credits: B. Kayser, LAPP Annecy'17 }
e A given flavor of neutrino interact with the detector and
produce same flavor of charged-lepton




How Many Neutrinos?

Initial state Final state
Electron g~ »
Crogs saction
Z for the
productionof 20|
" 2% (nb)
]
ﬂ* v
Positron ™ sk

AR qq(uu, dd, ss,cc,bb)
Z' sll(ee,pu,rrh)

0 o
Z" = Vvv(v v, v,V )

. Twe neulinos
-

. Throe newtrinas

. Four neuninos

TR TN T L L Leiiel
B8 8 00 o1 @ 93 94 985 9

Enargy (GaV)

r,,I,,I, - measured

I, - calculated

Total width: I'~ decay probability (~1/lifetime)
Partial widths: I, ~ branching rate (channel i)

[, =T, +30,+N T,

From neufrinos o cosmic
sources, DK&ER

N, =2.9940.02



Sources of Neutrinos :

Cross-Section (mb)
5 3 3

-h — -
q a €9
= 2 =]

107
10%
10%
10%

1u~3|

Atmospheric
SuperNova

|

Accelerator

Extra-Galactic

Galactic

10°

10*

.‘.Dlﬂ

10\2 101! 1010 .Ilail
Neutrino Energy (eV)



Neutrinos Flux :

.—_—~ 1 024
'> L
210
= B Cosmological v
510° T
PP Solarv

~ 10

p L Supernova burst (1987A)

Soe |
/ Reactor anti-v

< |
Background from old supernovae

=3 -
= 10*

108 F Terrestrial anti-v

102}k Atmosphericv

10°er v from AGN

1 0720 -

1024} Cosmogenic

1028}

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10° 1072 1 10° 10° 10° 10" 10™ 108
peV meV eV keV MeV GeV TeVv PeV EeV

Neutrino energy




Neutrino oscillation:

> In 1957, B.Pontecorvo 1st suggested the idea of v-masses, mixing
and oscillations from the analogy of K° = K° oscillation.

» v-flavor transitions was 1st considered by Maki, Nakagawa and
Sakata in 1962.

[;}v%o TMonsescopb—

B. Pontecorvo S. Sakata Z. Maki M. Nakagawa
1913 - 1993 1911 - 1970 1929 - 2005 1932 - 2001

i S N

» Neutrino oscillation = Transition from one flavor to another
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i S N

» Neutrino oscillation = Transition from one flavor to another
time = 0; time = t;

Ve, — distance = [; — Ve, Vyu, Vr;



» For 2-flavor:

Vo
Vu
2 0
141 o
» Mathematically,
|ve)\ _ [ cos@ sin@Y [|v1)
lvn)) — \—sin® cosb) \|v2) /)"’
Flavor e.s. Mass e.s.

where 6 is the mixing angle.



Cont...

> Neutrino mass eigenstates |vi) are eigenstates of the Hamiltonian:
H‘I/k> = Ek‘l/k>

Amp
with energy eigenvalues E, = E + m} /2E & E, — Ej ~ 2’2"1

» The Schrodinger equation,

.d
/a\uk(f» = H|vi(t))

» Evolution of plane waves with time,

[i(t)) = e™"5w)
> The time evolution of a flavor state |v,(t)) is given by,
va(t)) = 32 Uske™ ™)
K

» After some time a state produced as v. evolve in vacuum into,
|ve(t)) = cosBe 1t |11 (0)) + sin feE2F|1,(0))

> For an eigenstate |v.), probability = |(ve|v.)|?



» Neutrino oscillation probability,
Am?L

= |(ve(t)|ve)|? = 1 —sin? 20 sin?( = )

1.27TAm?L

— l - PI/eHI/e = S|n2 20 SIHQ(T)

L
— sin® 20 sin?(
sin sm()\)

4nE E eV? -
where A = —— = 2.5m —— Oscillation Wavelength.
Am? MeV Am?

» Neutrino Oscillation requires, 6 % 0, Am? # 0.

,,,,,,,,,,,,, ﬂProboanﬁy ,Y,"_) “ e Oscillation Wavelength
t A =25m(E/MeV)(eV?/Am?)
<int(26) o\ >> L,sin®(nL/A\) — 0
1 5 o A << L,sin?(wL/\) = 1/2
3 o A ~ 2L sin®(mL/\) ~ 1 -
Osciltion 4.£=2'5m( € Iev?] Am? ~ E/L
Length  An? MeV ) g
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Type of experiment L E seni?:jl ty
Reactor SBL ~10m ~1MeV  ~0.1eV?
Accelerator SBL (Pion DIF) ~ 1km = 1GeV > 1eV?
Accelerator SBL (Muon DAR)  ~ 10m ~ 10 MeV ~leV?
Accelerator SBL (Beam Dump) ~1km  ~102GeV  ~ 10%2eV?
Reactor LBL ~1km  ~1MeV  ~107%eV?
Accelerator LBL ~10%km  =21GeV > 107%eV?
ATM 20-10°km  0.5-10%2 GeV ~ 10~ 4eV?
Reactor VLB ~10%km  ~1MeV ~ ~107%eV?
Accelerator VLB ~10%km  >1GeV > 107%eV?
SOL ~10"km 02-15MeV ~ 10~12eV?



Interesting facts:

» Mass of electron, m. ~ 9.1 x 1073! kg ~ 0.511 MeV.

» Mass of neutrino, m, ~ 0.01 eV.



Interesting facts:

» Mass of electron, m. ~ 9.1 x 1073! kg ~ 0.511 MeV.

» Mass of neutrino, m, ~ 0.01 eV.

Do you know?

~ 100 billions of vs pass through every square cm of your
body per sec.



Matter Potential:

» Wolfenstein in 1978 first pointed out that matter can drastically impact the
neutrino oscillation

» In 1985 Mikheev and Smirnov discovered that it is possible to have resonant
flavor transitions

» Charged current (CC) and Neutral current (NC) neutrino interaction

Feynman diagrams:

Ve e Ve,V Vr Ve, Vy, Vr

e Ve e, pn €”,p,n
» Effective CC Hamiltonian:

HE(x) = L 7oy (1 — v5)e] [87u (1 — s )]



» Using the Fierz transformation: (HW?)
Gr _ _
He (x) = 7% [7e ()7 (1 = °)ve ()] [E(x)7u (L — 7*)e(X)]
» The interaction potential is the average of the effective Hamiltonian:

(HE) = 2 (77 (1 — )] (B9 (1 — o))

V2
In the non-relativistic limit:
<é"fﬂe> = N,

(&v.vs€)  ~  spin,

(eyie) ~ velocity,

where, N, is the electron number density of the medium.

> In the rest frame of unpolarized electrons only the first term contribute,

(HSS) = V2GeN. D ver,

_ — 0
= Ve Vay ve = Vee Jo,
where

Vee = V2GeN.  for v
= —V2GeN. for ¥
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» For NC:
HYE (x) = % S [0 (11— +9)va(x)] S [Fe)(el — ghr®)f (2]
where,

1
gy = —5 + 2sin?6,,

1 . 1
gy 5725|n29W, g"}:fi

» Neutral-current potential V¢ is,
Ve = VZ"+V§+V§
0
» Total potential for neutrinos,

1
[V = Vce + Vine = V2GENe — E\EGFNN}

Note: V) irrelevant for the flavor transitions as it generates a phase common.



Two flavor formalism in matter:

» The Schrodinger equation:
d
i v (1)) = Hlva(0))

where, (H = Ho + Hz
-~~~

vacuum matter

» The Hamiltonian in the flavor basis:

Ho = Am? <— cos26  sin 29) .

4E sin 26 cos 20
» Total Hamiltonian:

1 (A — Am? cos20 Am? sin 20

- here A = 2EVcc.
2E \  Am?sin26 —A+Am2cosze>’ where cc

»> Diagonalising H,

1
- 2 _ A2 2 gi 2
Eip= iE [A:I: \/(Am cos 20 — A)? + (Am? sin 20) } .
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v

Using E, — E; = (m3 — m?)/2E, the mass squared difference in matter,

(AmP)y = \/(Am2 cos20 — A)2 + (Am?2sin 20)2.

"

» The mixing angle “0p," in matter,

Am?sin20

tan20y = ———,
an <om Am2cos20 — A

v

The Mikheyev-Smirnov-Wolfenstein or MSW resonance condition:
Am?cos20 = A

> A is +ve for us, resonance occur: Am? >0 & 6 < 45° or Am? < 0 & 0 > 45°.

v

For Ts A is -ve, resonance occur: Am? >0 & 0 > 45° or Am? < 0 & 0 < 45°.



Three flavor formalism in matter:
» The Hamiltonian in the flavor basis:
Hr = UTHoU* 4 H,
= %(UMQUT +A)

with
M2 = diag(0, Az, As31), A = diag(A,0,0).

» Introducing, o = Ap1 /A3y,
A 1
Hr = 2—3ElUdiag(O, o, 1)U + > 9128(A, 0,0).

> The neutrino oscillation probabilities: Png = |Sga(t, to)|?, where S(t, to) is the
evolution matrix such that

[v(t)) = S(t, to)|v(to)) S(to, to) = 1.

> To find S(t, ty), diagonalize Hr as Hr = U’'HU'T, where U’ is the leptonic
mixing matrix, and H = diag(Ex, Ez, E3)
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» The evolution matrix is then given by
3 .
Spalt, ) = 3 (Un)"Upe 54, af=e T,

i=1

where we have identified L =t — ty

» Various approximate solutions of H x:

» one mass scale dominance (OMSD), o — 0
» double expansion upto second order in o — s13

» first order in o and exact dependence on si3

Cervera, Donini, Gavela, Gomez Cadenas, Hernandez, Mena, Rigolin, NPB579(2000),
Freund, PRD64(2001), Akhmedov, Johansson, Lindner, Ohlsson, Schwetz, JHEP04(2004)
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Within OMSD approximation

The appearance probability:
P.,, = sin® 03 sin? 201 sin?(AY L /4E)

where,

A31 sin 2913

A = (B 05205 — AY + (Busin 20, tan20f) = LERTIEES

Note: 1-3 sector has resonance. Hence, the physics near the resonance region
can be explained better using this approximation

[ Fogli, Lisi, Marrone, Scioscia, PRD59(199)

The validity condition: Ay L/E < 1= L/E < 10* (km/GeV)

The OMSD condition can be violated for E ~ 1 GeV, and L > 10* km
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Series expansion up to second order in o — s13

2
Amgy

> The Hamiltonian: H ~ =31 O3 Us MU}OZQ,
where, M = 01301 diag (0, v, 1) 0,05 + diag (A, 0, 0)

» Then, M = M©® + MO + M®, where M® (M®) contains all terms of 1st

(2nd) order in a and si3

» One finds: )
asy, Qas12€12 S13
M©® = diag(A,0,1) = diag A", ALY, A?), MO = | aspe, a0
S13 0 0
s 0 —asi3s?,
M(Z) = 0 0 —(513512C12
—as138%,  —asi3sc —sh

» The eigenvectors: v, = v,(O) + v,m + V,Q)

The eigenvalues:

2
(1) (1) (2) (2 (M}fl))
A =M AT =M +ZWT
J#i N Jj
Akhmedov, Johansson, Lindner, Ohlsson, Schwetz, JHEP04(2004)
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» The corrections to the eigenvectors:

MY
(1) _ ij )
v = — €
i > ©_ L\ 9
7 AT
@ _ 1 @) O, O @ (0 ,
v 7§:>\(°)—)\(0) {M,j + (MO )j AD (v )J e .
J#i N J

» The mixing matrix in matter: U = OxUs W with W = (v1, v2, v3)
» Appearance Channel:

sin?(A—1)A
Pue = 451235223ﬁ

sin(A — 1)A sin AA
(A-1) A

+ asi3 sin 2612 sin 2023 cos(A + d¢p)

sin® AA
A

+ a2 COS2 O3 sin2 2012 A= Acc/Am§1

» Disappearance Channel:
P, = 1 — sin® 203 sin?> A+ subleading terms,

» For anti-neutrino replace: dcp — —dcp and V — —V
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PMNS mixing matrix in 3-flavor

I 0 0 cosh, 0 u’mslnr.ﬂ: (cos@, sing, 0)
0 cosf, sind, 0 1 0 -sing, cosf, 0
0 -sind, cosd, —¢'¥ sin 6, 0 cosd, 0 0 1
Atmospheric, Reactor Solar
K2K,MINOS, T2K, etc. Accelerator KamLAND

The 6 parameters measurable in neutrino
oscillations:

X The atmospheric mass squared difference Amgl

X The solar mass squared difference A'm.%l = 'mg — 'milz
*The atmospheric angle O3
¥ The solar angle 015
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neutrino energy
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Current Status:

[de Salas, Forero, Ternes, Valle, arXiv:1708.01186, PLB782 (2018) ]

Parameter Best fit = 10 20 range 34 range
AmZ, [10-5eV?] 755*0%0 7.20-794 ms-s,m“\“
1am?, | [107%eV?] (NOT™, 2.50£0.03 244-257  2.41-2.60
|am? | [10-%V3] (10) J2.42'35) 234247 2312 51* NOorIo?
320538 289359 273378 ‘-‘Q
34512 325-368 315-38.0
547°5%% 467-583 4.45-599
4773 431-498  418-50.7
I
sin 63/1071 (10) 5517018 491584 Gois0r—ap LOor HO ?
#a3/° 479'}3 445-489  423-50.7
sin? #13/10°2 (NO) 21601253 203-234  196-241
o3/ 845'01% 82-88  8.0-89 W@
sin? #13/1072 (10) 22205074 207-236  199-2.44
oy/° 853'31% 83-88 8.1-9.0
3/ (NO) Ll 101-175  0.87-194
8° 2383 182-315  157-349 CPV
5/7 (10) I.SG‘:;; 127-182  112-194 ‘ S
5/° 281°% 229-328  202-349
[=] = = =



Most recent Nobel-Prize in Neutrino Physics

i
ita and

Takaaki Kaj

Arthur B. MecDonald

Nobelprize.org

e SK@lJapan e SNO@Canada



Unknowns:

» Unknowns in Neutrino Physics.

m?

2
my -

Normal | == V-

| —
N

atmospheric
~2x1073e V2

=1 —
solar~7x10-%eV?
e—

e

. 4
—

Inverted

-
| solar~7x10eV?>

—— = —+m,?

atmospheric
~2x1073eV?

7

5
—+m,”

2
—<—I7E3

Normal Hierarchy (NH) = m; < my < m3
Inverted Hierarchy (IH) = m3 < my ~ my.
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> 0 > 45° = Higher Octant or 6 < 45° = Lower Octant.
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> 0 > 45° = Higher Octant or 6 < 45° = Lower Octant.
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»  The Dirac CP phase §cp, where §cp # 0%, +180° = CP violation.




Degeneracy:

Problem: Existence of parameter degeneracy

Degeneracy: Two different sets of neutrino oscillation parameters
giving rise to same oscillation probability i.e.,

Paﬂ(x) = Pa,@(y)

x, y: different sets of oscillation parameters i.e.,
x = x(0j, dcp, Njj), y = y(%, P AL)

Conclusion:

Extraction of x will be confused with extraction of y



Degeneracy in the Disappearance Channel
P o sin® 20,3 sin® A

» Puu(A) >~ Puu(—A) : Intrinsic Hierarchy Degeneracy

> Puu(623) ~ Ppuyu(0o3 —7/2) : Intrinsic Octant Degeneracy
Degeneracy in the Appearance Channel :

S 20
Pue s%s%\,}% + acos(A + d¢p)

» No intrinsic degeneracy

» But can have:
(i) Pue(A,8¢p) = Pue(—A, 8)p), Minakata, Nunokawa, JHEP 0110 (2001).
(i1) Pue(613,9¢cp) = Pﬂe(ei@d/CP)’ Burguet-Castell ,Gavela, Gomez-Cadenas,
Hernandez, Mena, NPB646 (2002).

> 8-fold degeneracy: (013,0¢cp), A, (023) ~ Ppu(023 — 7/2), Barger, Marfatia,
Whisnant, PRD65 (2002)



Generalized Degeneracy

» For unknown hierarchy, octant and d¢p:

PM9(6237A75CP) = PM€(9£37 _Alv /CP)

= generalized (hierarchy-60»3-d¢cp) degeneracy

[Ghosh, Ghoshal, Goswami, NN, Raut, PRD93 (2016)}

» Eight possibilities:

Solution with Solution with

(right dcp) (wrong dcp)
1) RH-RO-Rocp | 5) WH-WO-Wécp
2) RH-WO-Récp | 6) RH-RO-Wécp
3) WH-RO-RScp | 7) RH-WO-Wicp
4) WH-WO-Récp | 8) WH-RO-Wscp

where, R=Right, W=Wrong, H= Hierarchy, O=Octant.



Degeneracies at NOVA are ,

NOVA(E = 2.0 GeV) NOVA[6+0]
0.08 Y T 180 T T
LO mzzm ;cr
N HO 1 [2g weeeeee
\'\\\\:\\\\ 1H4 LO 135 Fle
\ gp F20
0.08 -
— 4t
1 .
e oF 5
S AR
©oast i NH-H
: i fruept -
R :
SE I AN
I L I 1 I 180 “"-1‘ L
-180 -120 -60 O 60 120 180 35 40 a5
Bcp fio5(Test)

At Probability

vV vyVvVvyy

v

Overlapping region around —120°, 4+90° = WH-WO-Rdcp.

Same probability value for NH-LO and IH-LO = WH-RO-W{cp.
Same probability value for NH-HO and NH-LO = RH-WO-W{cp.
For NH-HO at (48°, —180°) and (48°, 45°) = RH-RO-Wcp.

For NH-LO (39°, —180°) and IH-HO (51°,0°) = WH-WO-Wécp.



Resolutio

n:

» Resolution of degeneracies with NOvA, T2K, ICAL ,

NOVA[3+3]

90F
sl

Sop(Test)
s

45

9F

NH-NH
true pt.e

hy = L

40 45 50
Byg(Test)

55

Sop(Test)

NOVA[3+3}+T2K[8+0]
T T =
16 ——
L 2 ---oe- 1
truept. «
r NH-NH ]
. A,
35 40 45 50
B5(Test)

Sp(Test)

» Addition of 7 removes WO-WH solution.

» Addition of more data provides better precision on 63.

NOVA[3+3]+T2K[8+0}+ICAL(500 kt-y1)

NH-NH
45 [ true pte

35 40 45 50 55
65(Test)



Open lIssues:

» Why neutrino masses are so tiny?



Open lIssues:

» Why neutrino masses are so tiny?

m Really nothing in? Charged

peV meV eV keV MeV GeV TeV
i vy : H Th t
3+ | — i i A A -

. | FLAVOR @

S
© noc
e2r I : : .- il
8 1 .~ DESERT |
o, | e ud
! ! | | ¥y 7

sod v el 3 oed ol .' T S el e J T I T T T
10° 10° 10™ 10® 10? 10” 10° 10" 10* 10° 10* 10° 10° 10" 10° 10° 10" 10" 10"
Mass (eV)




Cont...

» Nature of neutrinos:

DA



Cont...

» Nature of neutrinos:

Neutrinos I

Dirac or Majorana?

» Dirac mass, mp7,;vgr = conserve lepton #.



Cont...

» Nature of neutrinos:

Neutrinos I

Dirac or Majorana?

» Dirac mass, mp7,;vgr = conserve lepton #.

» Majorana mass, myv, ' C 1y, = violate lepton # by 2
units.



Neutrinos in BSM:

Real + Hypothetical ’'s

act°
sub-eV
active
neutrinos

sterile
neutrinos

Majorana
neutrinos

classical seesaws + GUTs

[Credits : Xing, Peking University'14]




Cont...

Existence of other new physics effects on neutrino oscillations
like non-unitarity, extra-dimensions, long range forces, etc.

Does the neutrino possess a non-zero neutrino magnetic
moment?

Does the neutrino sector violate Lorentz or CPT symmetry?

Formulation of Matter-antimatter Asymmetry of the Universe
(BAU) through successful leptogenesis.

etc...
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Sun in v Light:




Wrap-up Comments:

» An attempt has been made to give an overview of
particle physics focusing on neutrinos

» Reminder-1: neutrino mass is approx. 100,000000 times
lighter than electron mass

» Reminder-2: approx. 100,000000000 neutrinos pass
every cm? of human body/sec



Wrap-up Comments:

» An attempt has been made to give an overview of
particle physics focusing on neutrinos

» Reminder-1: neutrino mass is approx. 100,000000 times
lighter than electron mass

» Reminder-2: approx. 100,000000000 neutrinos pass
every cm? of human body/sec

thank you



Back-up



On-going Long Baseline Expts.:
T2K: Tokai to Kamioka, Japan




Up-coming Long Baseline Expts.:

DUNE: Deep Underground Neutrino Experiment, US

Bardord Undergrowd

Femilab

T2HK: Tokai to Hyper Kamiokande is the upgraded version of
T2K at Japan



Atmospheric v expt.:

INO: India-based Neutrino Observatory, India

IND PEAK
2207 Mts

e Planned to construction in the Bodi West Hills Reserved Forest in the Theni
district of Tamil Nadu.

e INO is the Iron-Calorimeter Detector which aims to probe the Earth matter
effects on the propagation of atmospheric neutrinos.

u]

o)
1

n
it

DA



