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Is it a monument, a madrasa or a market square? Charminar holds many mysteries within its fold

https:/ / www.thehindu.com /society / history-and-culture / the-very-many-mysteries-of-hyderabads-charminar/
article24311906.ece



Neutrino: many questions

* What Unknown oscillation parameters - hierarchy, octant of 2-3
mixing angle and CP phase

+  Absolute neutrino masses — beta decay, cosmology

* Nature of neutrinos - Dirac or Majorana — neutrino less double beta

decay

+  Are there more than three flavours — sterile neutrinos

+ Origin of neutrino masses and mixing — seesaw , flavour symmetry

— physics beyond Standard Model



Neutrimo Connections

Baryogenesis via

Collider leptogenesis
Physics Dark Matter

Higgs / Vacuum

Astrophysics/

Nucl. Physics/ Multimessenger

Interactions
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Neutrmo Oscillations
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Newresult from Boreximo
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Firstdetection of CNO neutrimos
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Three Neutrino Paradigm

* Measurement of non-zero @5 in reactor experiments =s==fi- three neutrino picture
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NOvVA Results
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Antineutrino mode e-like candidates
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+ Best-fit in second octant

023

* Preference for NO

dop = +90° distavoured at
more than 30 irrespective of
mass ordering

Oscillation experiments not
sensitive to Majorana phases

12



Degeneracy problem

# The main problem in determination of hierarchy, octant and d¢p in
LBL experiments is due to presence of degeneracies

+  Degeneracy —’ different set of parameters giving the same
probability _> equally good fit to the data

X/
X4

Hierarchy - 0., degeneracy Intrinsic octant degeneracy  QOctant - Scp degeneracy
P,M(A-‘?(--p) - 1?”’( A,o"m,) l:m(():s) /:«4(023 -r/2-6,) P (6y,,00) =P (Héj,d;.,,)

Jle Lie

Minakata, NunoKawa, 2001 Fogli and Lisi, 1996 Gandhi, Ghosal, Goswami, Shankar 2005

Comprehensive Approach

Pue(f, A, dcp) = Pye(fs. —A'.é'cp) = generalized (hierarchy - fy; - 0¢p) degeneracy.

Coloma, Minakata, Parke, 2014
Ghosh,Ghoshal, Goswami, Nath, Raut, 2015
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Ongoing and planned experiments

Daya-bay

— Atmospheric




Future Goals

* Determination of hierarchy, octant and CP phase

* Probing new physics in oscillation experiments

« Testing models of flavour symmetry

* Synergy between different experiments

15



Mass hierarchy and CP with DUNE
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From: R. Patterson’s slides

16



Hierarchy: Juno+IlceCube upgrade

8 core JUNO + IceCube upgrade/PINGU / (better efficiency for lower energy neutrinos)

true NO true 10
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50 sensitivity in 4(6) years NO (IO)

IceCube : earth matter effect of atmospheric neutrinos

S
JUNO: interference effect in vacuum oscillation ynetsy

hep-ex 1911.06745
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New Physics

Sterile Neutrinos

Non-standard Interactions
(NSI)

Non-unitary mixing

CPT and Lorentz symmetry
violation

Long range forces

Neutrino decay

18

Two appoaches

Impact on the standard
Three neutrino picture

Constraining new
physics parameters
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Non-standard interactions

Standard

Non-

standard
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f = f/ wmm) Neutral Current NSI
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Non-standard interactions

Standard-NC interaction

Non-Standard NC interaction

Vg +F 2vg+f

Va+f —vg+f
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NSI and mass hierarchy
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NSI and CP sensitivity
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Dark-1.M A solution
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COHERENT constraints

——— LMA-D OSC only —— OSC+COH Our Fit t+E Chicago
—  LMA —— OSC+COH Total Rate = —— OSC+COH Our Fit t+E Duke
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+ Highly constrained by COHERENT using energy spectrum information

Coloma, Esteban,Gonzalez-Garcia, Maltoni 1911.09109
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Neutrinoless double beta decay

(A, Z) = (A, Z+2)+2e (0wBp)

Uy,

1%

I/

1%

(lL

wuy,

* Standard picture ¢, g3 mediated
by light neutrinos

& ® The half-life for D33

1 a 9 | m¥ 2
s = CMLI7 |72

G contains the phase space factor
M, is the nuclear matrix elements

® |mt| = |UZ m;| — the effective mass
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Currentand future sensitivity
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Current Sensitivity

KamLAND-ZEN : 61-165 meV
EXO 200 : 93-286 meV

GERDA : 110-260 meV
CUORE : 110-520 meV

Future sensitivity

0.008 - 0.3 eV : IH can be confirmed

0.003 - .008 eV : 1-10 ton detector

0.001 - .003 eV : 10-100 ton detector
ultimate sensitivity

Barabash, 1901.11342



NSI and Neutrinoless double beta decay

_ 2 2 2 2 2ia 2 2ia
mgg = |my ciyCi3 + My sjpCize”'*? + m3 sjze”'*3|

* New predictions in presence of
NSI for NH

Disallowed by KamLAND - Zen + GERDA

* Within reach of 10 kt detectors
* New sensitivity goal

* For NH degeneracy between
LMA and DLMA can be broken
for lower values of lightest

0.001

-4 | M °
10 10~° 10~ 0.001 0.01 0.1 neutrino mass
Miightest ( €V)

* Model independent

Vishnudath, Choubey, Goswami, Phys, Rev. D. (2019)
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Are there more than 3 neutrmos ?

T —

Extra sterile neutrino ?
Light or heavy or both ?

electron muon tau
neutrino neutrino nevtrino
[ T TRSN——
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Sterile Neutrimos : mmdications
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Very shortbaseline reactor experiments

-

Nucifer@Osiris, ** *x *

Prospect@waN L 9 Saclay X
Stereo@ILL”,

Grenoble M * Korean project

(NEOS @Hanbit-5)

DANSS@KNPP

CARR site, Beijing

Udomlya ‘h (Not funded) g =
| TR

L P 6 - 24 m Lhuiller @Neutrino 2014
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Neos Collaboration PRL 2016
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Danss collaboration, PLB 2018

Comparison of measured spectra at different baselines

Insensitive to flux calculation uncertainty
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Bounds from reactor searches
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. 2
DANSS 2019 results give a lower Ami; Danilov. talk at EPSHEP 2019
Ternes talk at CERN 2019
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New results from reactor experiments
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MimiBoone
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L~541m 200MeV < E < 3GeV
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Appearance Probability
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A.A. Aguilar Arevalo, PRL 121, 221801, 2018.
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Disappearance and appearance tension
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Low Energy Excess in MimiBoone
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Can sterile neutrinos explain this ?

1 3+1 RF Signal
_+_ [ 3+2 b1’ Signal
1 343 BF Signal
® Data
11 B Hackgronnd

3+N sterile neutrino scenario
cannot explain the MiniBoone low
energy excess

MiniBooNE v modece

EvcntschV

' : ' -
C oo 3000

Energy (MeV)

D. Cianci, talk at Applied Antineutrino Physics Workshop 2018
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Isitdue to background eflect?

MiniBooNE detector

Interaction track Cherenkaov
\'!_CCQE Muonf i e o
s f Electron

v . CCQE ’ '
VetN=—=p+e

Neutral pion

NCoro 4&4

vEN—Vv+N+aY o

From : S. Jana , Pheno 2019

Cannot distinguish between Cherenkov cone of electrons and single photon

The single photons coming from NC background cannot explain the excess
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Alternative explanations

Dark Neutrino Portal to Explain MiniBooNE excess

Enrico Bertuzzo (Sao Paulo U.), Sudip Jana (Oklahoma Ctr. High Energy Phys. & Oklahoma State
Published in Phys.Rev.Lett. 121 (2018) no.24, 241801

Explaining the MiniBooNE excess by a decaying sterile neutrino with mass in the 250 MeV range
Oliver Fischer, Alvaro Hermandez-Cabezudo, Thomas Schwetz (KIT, Karisruhe, IKP). Sep 20, 2019. 26 pp.
e-Print: arXiv:1909.09561 [hep-ph) | PDF
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U(1)' mediated decays of heavy sterile neutrinos in MiniBooNE

Peter Ballett, Silvia Pascoli (Durham U., IPPP), Mark Ross-Lonergan (Nevis Labs, Columbia U.). Aug 8, 2018. 8 pp.
Published in Phys.Rev. D99 (2019) 071701
IPPP/MAITO

Testing New Physics Explanations of MiniBooNE Anomaly at Neutrino Scattering Experiments

Carlos A. Arguelles (MIT, Cambridge, Dept. Phys.), Matheus Hostert (Durham U., IPPP), Yu-Dai Tsai (Fermilab). Dec 20, 2018. 7 pp.
IPPP/18/113, FERMILAB-PUB-18-686-A-ND-PPD-T
e-Print: arXiv:1812.08768 [hep-ph] | PDF

Severe Constraints on New Physics Explanations of the MiniBooNE Excess

Johnathon R. Jordan (Michigan U.), Yonatan Kahn (Princeton U. & Chicago U., KICP & lllinois U., Urbana (main))
2018. 7 pp.

Published in Phys.Rev.Lett. 122 (2019) no.8, 081801
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Alternative Explanations
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Dark neutrino portal

2
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22:D ZppZh + gp 2l Ip,, + ee 7 T + =L J7

Cia/

Cp D

Right handed neutrinos part of dark sector

Frenig/MaV
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oy =0.25 M= 30MeV
ag2=2x1010 [Une|>=9x107
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Bartuzzo, Jana, Machado, Zukanovich-Funchal, PRL 2018
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Sterile neutrino decay

Booster

arxiv:1204.5379

Decay at the detector

Mimics the e-like signal

E'y — Evis N _)@,

A Hernandez-Cabezudo - Mixing: 10_11 5 |U€4|2 ,S 10_7

Fischer, Hernandez-Cabezudo, Schwetz, .1909 09501 -~ Mass: ~ 250 MeV
- New physics scale: 10% TeV <A< 107 TeV
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Antarctuc Impulsive Transient Antenna

An array of radio antennas attached to a helium balloon which
flies over the Antarctic ice sheet at 37,000 meters.

Aim to detect ultra high energy cosmic neutrinos

4. 56° Cherenkov Cone

-



Anomalous events at ANITA

ANITA has detected two anomalous events coming from below

Characteristics closely matching an extensive air shower — can it be a
T-lepton decay-driven air shower ?

Difficult in SM framework , MFP much shorter at these energies, New Physics ?

AAE-061228 AAE-141220 AC-150108
Detection Channel Geomagnetic Geomagnetic Askarvan
Date (UTC) 2006-12-28 2014-12-20 2015-01-08
Time (UTC) 00:33:20.0 08:33:22.5 | 19:04:24.2
RA, Dec (J2000) 282°.14, +207.33 | 50°.78. +387°.65 171°.45, +16°.30
Localization Uncertainty 195 x 175,090 | 1°.5 x« 1°.5,0°.0 | 5°.0 % 19.0, +73%.7
Reconstructed Energy (EeV) 06 1L04 O‘iblg;z: | > 10
Earth Chord Length (km) 5740 + 60 7210 + 55 | -

Cherry andShoemaker,2019; Anchordoqui and others,2018; Huang,2018; Dudas and others,2018;Collins et al. ,2019;
Chauhan and Mohanty,2019; Anchordoqui and Antoniadis,2019; Heurtier and others,2019; Hooper et al. 2019;
Cline et al. ,2019, Borah et al. 2019
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IceCube Search 1n the direction of Anita Candidates

1010_, ]

— Secondary v, flux ®
108 v E, ®AT: IceCube 90% UL (v;)
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Considered eight years of IceCube data and looked for correlations between the
ocations of the ANITA events and the locations of the IceCube events.

No evidence for a neutrino source in the direction of the strange ANITA events

New Physics beyond SM ?
Aarsten et al. arXiv 2001.01737
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Concluding Remarks

* Three neutrino oscillation paradigm well established
« Future experiments expected to determine hierarchy, octant and CP

# Can new physics be probed in these experiments — extra parameters giving
rise to additional degeneracies

* Complementary information

« Sterile neutrino — oscillation explanation is trouble

+ MiniBoone low energy excess — many ideas

« Future neutrinoless double beta decay experiments can test IO —new physics
can give different predictions

+ Interesting anomalies in Ultra high energy neutrino experiments
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Concluding Remarks
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Experinent lsorope Techinigque Total mass Exposure FWIIM @ Qup DBackground S caom a.1..)
[kg] kgyr]  [keV] jcounts/keV /kg/yr| [10°® yr]

Pase

Cuoricino, [177] 13Te bolometers 40.7 (Te0O,) 10.75 58421 0.153 4 0.006 0.24

CUORE-~, [175] ““Te bolometers 39 (1el)y) 9.5 5.14+0.3 0.U5SN 4 0.OUG 0.29

Heidelberg-Moscow, [179] ™Ge Ge diodes 11 (**°Ce) a5.5 4234014 0.06 £+ 0.01 19

IGEX, [180, 181] ™®Ge Ge diodes 8.1 (""QGe) 8.9 ~ 4 = 0.06 1.57

CERDA-L [165, 182 ™Ge Ge diodes 17.7 ("'Ce) 21.64 32+02 ~ 0.01 2.1

NEMO-13, [183] Mo eracker + 6.0 (100Ma) 34.7 250 0.013 0.11
calorimcter

FPresent

EXO-200, [154] " XNe LXeTPC 175 (™ Xe) 100 89+ 3 (1L.7202)-10" 1.1

KamLAND-Zen. [185, 1586] "™Xe loaded liquid 348 (**Xe) 805 244 + 11 ~ 0.01 1.9
scintillator

Future

CUORE, [187] “"Te bolometers 741 (TeO,) 1030 5 0.01 0.5

GERDA-II, 172 MGe  Ge diodes  37.8 (" Ge) 100 3 0.001 15

LUCIFER, [188] 82Se bolometers 17 (Zn%2Se) 18 10 0.001 1.

MAJORANA D, [1589] Ge  Ge diodes 448 (" Ge)  100™ 1 0.003 12

NEXT, [190, 191] 4 Xe XeTPC 100 (==*Xe) 300 12.3 — 17.2 5-101 5

AMoRE, (192 "Moo bolomeers 200 (Ca™ MoQ,) 295 9 1-10"" 5

nEXO, [193) 13¥Ne LXe TPC 4780 (*==Xe) 12150 58 1.7-10 =P 66

PandaX-1I1, [194) 138Ne XeTPC 1000 ("X<) 3000 ° 12 — 76 0.001 11¢

SNO+, |195) le  loaded Liquid 2340 ("**Te) 3980 270 2.107" 9
scintillator

SuperNEMO, (196, 197)  © tracker | 100 (%28.) 500 120 0.01 10
valorisneter

our assumption (corresponding sensitivity fromn Fig. 14 of Ref. |1 89]).
wo nsxmame A tomnes fAdoneial vwnlnmmae

Cour assumption by rescaling NEXT.

Dell’Oro, Marcocci, Viel, Vissani, 2016



