\

Confronting Neutrino Mass Generatic

Mechanism with MiniBooNE Anoma

Sudip-Jana
NTN WorkshopewNeutnnaiNen -Standanddnteractions
29-31 Mays2019

Washington University in St Louis



2 >
®@@ e,

SM Motivations
(

Experimental Evidences €@ » Theoretical Motivatiens




Masses (eV)

b

T S
U S
d

(MeV)

E Vs=13TeV, 36.1-79.8 1b
[ my,=125.09GeV, ly, | <2
SM Higgs boson




% Swmall Neutrino Masses

x OTechnically natural oint 0 H sende tSmall
protected by symmeuy At acut-off scales
onatural ©- ~g4(16 2) m;In(s?/ms?)
ounnatural o6- mH2~- Vi2/(8 2)s?

A Two waysto generatesmall valuesnaturally :

X Suppression by integrating out heavy states :
the higher dimension 1/sn, the lower s can be.

X Suppression by loop radiative generation:
the higher loops 1/(16 2)n, the lower cut off s



% Neutrino Mass Models

o Lowest higher dim. operator O9=° : Ly_5 = z=LLHH
Weinberg, PRL43 (79) 1566
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o Realization of Weinberg op. —

» See-saw: there are many seesaw realizations —

* Type-l  Minkowski (77), Ramond,Slansky (79), Yanagida (79), Glashow (79),

Mohapatra, Senjanovic (80)
% Type-ll  Schechter,Valle (80), Lazarides, Shafi, Wetterich (81), Mohapatra, Senjanovic {31}
* Type-lll  Foot, Lew, He, Joshi (89), Ma (98)
* Linear, Inverse, etc ..

» Loop-induced:
* 1-loop  Zee (80), Ma (99)
SUDIP JANA * 2.|gqp Babu (88) 5/29/2019



@ Seesaw Models

Typed: SM+ 3righthandedMajoranand s
(Minkowski77;Yanagid&@9; Glashow 79; GeMann,Ramond Slanski79; MohapatraSenjanovi@9)

v v U—I’\ \ /*U v v
x x HONN S o x X
0 I Y i 0
HO1 1 H° L AO HOW 1 HO
| N | | | 0 1
AR TA
vV, Y, yr UV vy, YA vy V., Yy Y/
M o~ 02y, Ly M )\y’”z M o~ Yy
v~ vVar ‘v Ly~ ~a v ™~ T
R ATA M, M

Typell: SM+ 1 Higgs triplet
(MaggWetterich80; Schechter, Valle 80azaride®t al 80MohapatraSenjanovi80; Gelmini RoncadellBO)

Typedll: SM+ 3 triplet fermions
(Foot, Lew, He, Joshi 89)



Many models of "}, ——— Which is the true one ?



1.Can we test / falsify these models at the experiments ?. .

2.Can we explore the new Physics Scale M ?




\
¢ Testing TYype-1 Seesaw Experimentally

[Keung, Senjanovié (PRL '83); Datta, Guchait, Pilaftsis (PRD "94); Panella, Cannoni, Carimalo, Srivastava (PRD "02);
Han, Zhang (PRL "06); del Aguila, Aquilar-Saavedra, Pittau (JHEP '07); Atre, Han, Pascoli, Zhang (JHEP '09)]
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\
¢ Testing nverse Seesaw Experimentally

[del Aguila, Aguilar-Saavedra (PLB '09; NPB '09); Chen, BD (PRD '12); Das, Okada (PRD '13); Das, BD, Okada (PLB '14);
lzaguirre, Shuve (PRD "15); Dib, Kim (PRD "15); Dib, Kim, Wang (PRD "17; CPC "17}; Dube, Gadkari, Thalapillil (PRD "17)]
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[CMS Collaboration, Phys. Rev. Lett. 120, 221801 (2018)]




& Testing Type-1l Seesaw at the LHE
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Rizzo (1982); Huitu, Maalampi, Pietila, Raidal (1997); Gunion, Loomis, Pitts (1996); Akeryod, Aoki (2005); Han, Muk
Ci, Wang (2005), N. Sahu, Uma Sankar (2005); Sarma, Devi, Singh (2007); Chao, Luo, Xing, Zhao (2007); Perez,
Li, Wang (2008); McDonald, Sahu, Sarkar (2008); Chiang, Nomura, Tsumura (2012); Dev, D. Ghosh, Okada,
Nayak, Parida (2015); Cai, Han, Ruiz (2017),Babu , Jana (2017)é é
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X Doubly Charged Higgs Phenoménology

Doubly Charged Scalars appear in neutrino mass models :

ARadiative Neutrino Mass Mod
(Babu88; Zee 80)

AType Il Seesaw Modelagg,

Wetterich 80; Schechter, Valle 80; Lazarides et al § ¢
Mohapatra, Senjanovic 80; Gelmini, Roncadelli 80)

ALeft Right Symmetric Model

(Pati, Jogesh C. et al. (74), Mohapatra $&mjjanovic,
(75) ) > N

ALittle Higgs Model 9
(ArkaniHamed, N. (2002)) " (:é‘ .

A Dimension 7 Neutrino Mass "

Model

(Babu, Nandi (2009)) H ",

AGeorgiMachacek Model .
( Georgi, Howard et al.(85)) . E e = 7

A Other Models / \
(Gunion(90), etc.) L; L,




\
¢ Testing Type-lil Seesaw at the LHC

@ Multi-lepton signatures. [Franceschini, Hambye, Strumia (PRD '08); Li, He (PRD '09); Arhrib, Baje, Ghosh, Han,

Huang, Puljak, Senjanovié (PRD '10); Ruiz (JHEP '15)]
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& Testing Seesaw with dim=3 operator at the LHC

5530 Discovery Reach ¢og =100 [NH] 553 Discovery Feach (v, =501077 K10

1K
Myes [GeV] My [GEV]

@ Discovery potential upto 450 (950) GeV at 100 (3000) fb=! for /W
dominated region Discovery potential upto 500 (950) GeV at 100 (3000)
fb~! for /W dominated region

@ Discovery potential upto 350 (700) GeV at 100 (3000) fb—1 for WWW
dominated region

@ Covers the whole area available for AM > () scenarios

@ Similar results for NH and IH T. Ghosh, Jana, Nandi (2018)
K. Ghosh,Jana, Nandi



\
Scale of Seesaw Mechanism

x Despite numerous searches for neutrino mass
models (at TeV scale) at high -energy colliders, no
compelling evidence has been found so far.

X |s it really sufficient to search for new physics scale
behind neutrino mass generation mechanism at
LHC only ?

X The new physics scale behind neutrino mass
generation mechanism might be at low scale and
which Isless sensitive to high energy collider
experiments

X |t may show up at low energy neutrino experiments
at near future.
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Scale of Seesaw Mechan \

x Despite numerous searches for neutrino mass
models (at TeV scale) at high -energy
compelling evidence has beer

[

x |s it really sufficient to segxs
behind neutrino a4

zrc pehind neutrino mass

zriism might be at low scale and

>1ess  sensitive to high energy collider /
experiments

X It may show up at low energy neutrino experiments

at near future.




Three -neutrino oscillation:
Not the full picture?

Long and Medium
Baseline
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LSND detected moren, than expected :

87.9 N22.4 N6.0 events
3.8 T excess
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Liquid Scintillator Neutrino
Detector (LSN D) Cherenkov : Scintillation = 1:5 |

\ 0.8 GeV proton beam

water target
beamstop

Sc'i{_n_tillation
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Signal: et and 2.2 MeV 7
Scatter + neutron absorption

Observed 90 events
Expectation of 0 events

3.80 significance

Electronics
Caboose

oscillate?

P... = sin” 260 sin

LSND Collaboration
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EventsMeV

MiniBoolNE 1207.4809
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Antineutrino

ANeutrino and anti neutrino modes see
excesses afi, andn, (Combined is also
3.8T excess)

P
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Booster

o Magnetic Decay Absorber  Dirt Detector

focusing horn region

To test the LSND indication of anti -electron

neutrino oscillations

Keep L/E same, change beam, energy, and
systematic errors

Baseline: L = 540 meters, ~ x 15 LSND
Neutrino Beam Energy: E~ x (10-20) LSNEC

Different systematics: event signatures and
backgrounds different from LSND Hig
statistics: ~ x 6 LSND

Perform experiment in both neutrind and
anti -neutrino  modes.
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Mi ni B olooWN Engrgy Excess

Target Decay Pipe Beam Dump
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Energy and baseline chosen to test LSND

Comparable oscillation probabilities 1805.12028



Mi ni1 B olooWN En@rgy ExceSs

MiniBooNE Collaboration!i
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x Observation of a Significant Excess of af= ——
ElectronLike Events in the MiniBooNE ! + ) dirt
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https://arxiv.org/pdf/1805.12028.pdf

Whatis going on???

A What is the nature of the excess?
A Possible detector anomalies or reconstruction problems?
A Incorrect estimation of the background?

A New sources of background?

A New physicdncluding/excluding exotic oscillation scenarics

The origin of such excess is unclk&@drcould be the presence of new physics, or a large bac
Howeverthe MiniBooNE result, if due to new physics, worddolutionize thefield of parti

What sort of new physics can explain these anomalies?




x \What about eV Sterile Neutrino
Interpretation ?7?

Beyond three-neutrino oscillations
 We can add a forth neutrino

 This neutrino must be sterile, which means it is a
singlet under all standard model gauge groups

e A forth active neutrinois =
. = I
excluded by observations % |
- - - b—: 30 - ALEPH
of invisible Z-decays . DELPHI
L3
ete” = Z — Z Vj w| OFAL _
j:e“u,,'r :+ average measurements, /
[ eorban inreased /
10 |
0 — . L A

Phys. Rept. 427 (2006) 257, LEP



What about eV Sterile Neutrino
Interpretation ?77?

Effective 3+1 oscillations
We extend the mixing matrix

Ue1 Ue
Uel Uez UE3 194 ! 194 2

U‘Tl U‘T2
UTl U‘T2 UT3 Usl USZ
APPearance = DISappearance

Am2, L 2
PEBL =~ sif2(29a3) sin? ( Tgl PSBL ~ 1 — sin?(2044) sin? ———&TélL __
Siﬂ2 (2905,8) — 4|Ua4|2|U,84|2 Sin2 (ancx) = 4|Ua4|2(1 —_ |[)Ta
vy — Ve 1 8in?(204e) = 4|Ucq|?|Ua|? Ve — Ve ¢ |Uea|? = sin® 814

@Reactors and Gallium
@LSND, Karmen, MiniBoone, 5 . L
Opera Vp = vy 2 |Upa|® = sin
@atmospherics ang



x \What about eV Sterile Neutrino
Interpretation ?7?

Am?2 L
P = 1 — U (1~ [Uof?) s | =
4K (m,)'—
Am? L
PSBL _ 410, P{Uf? sin? ( iz )
SiN?2[ o = 4|Ugs U 4|2 (m)'—4
(my)'—
(m,)'—
Leads toy, Leadsto b

disappearance disappearance



x \What about eV Sterile Neutrino
Interpretation ?7?

SIN2| e = 4|Ues Upsl?
|

Leadsto t to Y,
disappearance

A 2 variables U, U, .

A 3 data sets .- Disappearance
4, - Disappearance
H.- Appearance

Mona Dentler et al. JHEP 1808 (2018) 010




