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Flavour states Massive states: Projection over
superposition Hamiltonian flavour states
massive states elgenstates
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Simplified two neutrino case

V(1)) = —sin(@)e "t |1y) + cos(0)e” 2| vy)

Probabillity for v, to transform to v,




Simplified two neutrino case
V(1)) = —sin(@)e "t |1y) + cos(0)e” 2| vy)

Probabillity for v, to transform to v,

P (v, — v,) = sin®(20) sin” (

Mixing angles: misalignment

between massive and flavour Neutrino masses

states






» Sun emits O(MeV) v, via nuclear fusion

Ve
¢ 1;\{-‘:_;555_; 7 i/
% /4
Nobel 2002
1%
I3
vV e

v, * Bahcall calculated solar neutrino flux. Counting
radiative argon — deficit




» Sun emits O(MeV) v, via nuclear fusion

y .
Ve * Homestake searched for solar neutrinos (1970) | ~

y 7
V,u Ve 37C1 > 37AI'_|_ o Nobel 2002
Ve

v, * SNO (2002) resolved solar neutrino problem by detecting

v, solar v, appearance and solar v, disappearance

{n\ 8 sno SNO
N 7:_ (I)ES (I)CC SNO
QE) - collaboration
‘o OF (0204008)
Ve -+ d — D -+ 9, + e Charged current (CC) :P 5
2=~
Vg + a — P + N + Vo Neutral current (NC) 4 =
3 Nobel 2015
Vo +e — Vo + e Elastic scattering (ES) )
1
O ! T T
0 1 2 3 4 5 6

10 O, (106 cmZsh


https://arxiv.org/pdf/nucl-ex/0204008.pdf
https://arxiv.org/pdf/nucl-ex/0204008.pdf
https://arxiv.org/pdf/nucl-ex/0204008.pdf

Ghrosts of Cludstrnas Sust:Atmosploeric Neutrinos

Decay of mesons produce flux of atmospheric
neutrinos which spans MeV - TeV scale
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Super-Kamiokande I-IV v , l'\_\‘\'v—'
Frejusv,, .
IceCube v, unfolding AN

IceCube v, forward folding \\
AMANDA-II v, unfolding —_—
AMANDA-II v, forward folding I
ANTARES v, AN
———— HKKMII v +V, (W/osc) \

° Super-Kamiokande I-IV v ) l,
—¥— Frejusv, '
IceCube/DeepCore 2013 v
—%——  IceCube 2014 v,
———— HKKMII v _+Vv_(W/ osc.)
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DETECTION OF MUONS PRODUCED BY COSMIC RAY NEUTRINOS
DEEP UNDERGROUND
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First detection in 1965
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Decay of mesons produce flux of atmospheric

neutrinos which spans MeV - TeV scale
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 Reactors produce MeV scale v, Daya Bay

Far Detector i
> 700 MWE )\

\ \‘.
\
\

» Detectors km baseline using IBD to detect
neutrinos: U, + p — e +n

Near Detéector
~400 m.2 .
~250 MWE

» Am3, L
4F

ANgar Detector
~300 m
~200 MW E ‘

P (ﬁe — ﬁe) =1 — SiIl2 (2(913) S1n

B

- N oottty e 7 e o 1 2 St
) BRI O . o ATSNTTE AR B VTN T R MIPY e
o ORI e N ,.'-\:l.’-c-':.»,:.-',;!::-.'?‘:“-- R S Y I (TP e SR
Pt 7 A ony AT R e RGN NI e et S
e S R b e o5 0 S M ieinac

e 2012 big year for particle physics precision

measurement on (/;; ~ 8° by reactor
experiments

. »
!| 290m 1,380m g] Reactors: 2 x 4270 MWth
Far Detector

Near Detector
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E-872

Making v interactions Shielding

« Only 14 v_have ever been observed: 4 by
DONUT, direct observation (1997-2000)

« 10 v_ observed by OPERA (2010-2012): v,
beam oscillates to v/_

Both DONUT
And OPERA could

Observe mm-scale
Tau kink

Emilia-Romagna
Monte-Maggiorasca
Monte-Prato

Alessandria

OPERA detector
emulsion cloud chamber

Piemonte

3
;_g
2
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Many neutrino experiments, here A)(z from NUFIT collaboration but there are
also Valencia (2006.11237) and Bari (2003.08511) groups
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Atmospheric Reactor Solar
1 0 0 C13 0 Slge_iécP C12 S19 0 Gim 0
0 C23 S593 ° 0 1 0 ° —S12 C19 0 ° 0 67;772
0 —S923 (€923 __813€ﬂ5cm> 0 C13 0 0 1 0 1
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JHEP 09 (2020) 178
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sin” 0., Ocp sin” 0., sin” 0,,
O
0 0 — © W — 49.2
015 0¢ = 8.57 Scp b = 194 010 1f = 33.44 23 bt

Little direct observation of tau neutrino contributes significantly to poor knowledge
of mixing angles and if mixing is unitary.
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NOVA and T2K are long baseline, accelerator oscillation experiment
measure Op and the mass ordering.

14kton liquid scintillator
detector

50kton water
Cherenkov detector

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. lkeno-Yama
1,360 m '

S e

1 1,700 m below sea level

Neutrino Beam

295 km

P (v, = ve)— PV, = 7)) Xdcp
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NOVA and T2K are long baseline, accelerator oscillation experiment
measure Op and the mass ordering.

S . B L A A R L L
07_— Normal Hierarchy Neutrino 2020 - Nova —
0.6
(4p)
CDN
(Q\|
e 09 O
/p]
__—/__\ ‘/\
0.4_— ]
- T2K, Nature 580: = BF — <90% CL --- <68%CL -
0.3L NOvA: + BF [ | <90%CL [ <68%CL "
: — | | | 1 I | | | 1 I | | | | I | | | | —
0 T T 31 2T

2 2

6CP

Both experiments favour normal ordering with T2K favouring maximal
CP violation and NOvVA showing preference for near CP conservation
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https://indico.fnal.gov/event/43209/contributions/187840/attachments/130740/159597/NOvA-Oscilations-NEUTRINO2020.pdf

e Recent combination of T2K

and NOVA data — inverted
ordering preferred

* Preference NO comes from
degeneracies between MO, octant,

and O p

* Not first disagreement between T2K
and NOVA (octants differed at more

than 3o circa 2016).



https://arxiv.org/pdf/2007.08526.pdf

Atmospheric
1 0 0
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JHEP 09 (2020) 178
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11, 1>, Majorana phases which are observable if neutrinos are their own
antiparticle. Possible given neutrinos are electrically neutral.

0.6

0.6.
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» Charged particles can be distinguished from their an 7partic:le.
 Neutrinos electrically neutral = Majorana (v = C7") or Dirac.

YDirac Newtrinos
* Add right-handed neutrinos

 Assume that lepton number conserved
* Higgs mechanism provides mass to neutrinos

L, DY, . L*HN" Y ~ 10712

22



Yukawa coupling forbidden at tree-level as RHN is charged under a new (gauge/
global) symmetry spontaneously broken

: Ko ,
Aai LYHN® — == (L*H) (N'®)
KV
® spontaneously breaks the new symmetry at vq, = 4 = T(D De Gouvea & Hernandez (1507.00916)

Gauged chiral symmetry for RHNS — no Majorana masses allowed
Heavy messenger sector including dark matter and Z’

Can also add new Higgs doublet (very small vev) that only couples to neutrinos

Davidson & Logan (0906.3335)
Machado, Perez-Gonzalez et al(1507.07550)

23


https://arxiv.org/pdf/0906.3335.pdf
https://arxiv.org/abs/1507.00916
https://arxiv.org/pdf/1507.07550.pdf

W Nwmbere Violation

* |If neutrinos are Majorana — lepton number not conserved.

(A, Z) — (A, / -+ 2) —+ Qe EFigure by S. Pascoli, June 2020

| CUORE

<m>] [eV]

<> | = [y i+ i cos? e+ g sin? Oyt

24
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W Nuwumbere Violatior

* |If neutrinos are Majorana — lepton number not conserved.

(A, Z) — (A, / + 2) + e EFigure by S. Pascoli, June 2020

: CUORE
0.1 F GERDA-II
- KamILAND-Zen
=
g {EXT, COBRA, ...
¥ 0.01
>
,0) it
,7T) |
,0) g
0.001 , T0)
00001 0001l 0.01 — 0I1 ]
My [€V]
. 2 ' . 2 '
‘ < m > ‘ — ‘ml S111 912 -+ o COS2 (9126“”1 -+ M3 SIn 913620431‘
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L@b/'a/@w(/‘/’mma&

Treat SM as an effective field theory

o b
L, D YaﬁL HLTH - O (i) -+ - - Weinberg

 Dimension-5 operator violated lepton number by two units
+ After EWSB: Map = Yagv™/A
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Type-lll

fermionic scalar fermionic
singlet triplet triplet

 Dimension-5 operator violated lepton number by two units

. After EWSB: = _ Y v
/ M o7
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L@b/‘dﬂwn/‘/édflm

Y ~ 1 s M ~ 10 GeV

My

LHC range Y ~107° > M ~ 100 GeV

Type -ll & lll easier to test as because new states EW charged

231" (13 TeV)

i} i} i} 3 _l LI l LI L I L L I LI L I LI l | ] L L I LR L I LI L I | I_‘
Fermlonlc trlplet - Type "I 9; " CMS Seesaw Type Il g
© 10 (pp = 2%, 2%y, 2 1) -
i —— Observed :
1l ssssss: Expected +1 - =
l - —— NLO+NLL *+1oy..,, -
107 E

10—2 | I I | I . l | I . | | I | I . l L1 1 1 l ) I N | l ) I | I L1 11 l |

200 250 300 350 400 450 500 550 600 650

my (GeV)
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W@W&W&%&&e& Tree-ltevel Mocs RHN

Type-l seesaw

pros

Can explain BAU
Predicted by GUTs

Some circumstantial
evidence

Can radiative generate
electroweak scale

Trott & Brivio

cons

In most regimes
I tough to test

Exacerbates
hierarchy problem

Vissani

VR

29

intermediate
scale leptogenesis

resonant

O(10*%) GeV

Fukugida & Yanagida Phys.Lett. B17 45-47
(1986)

O(10°) GeV

Racker, Rius & Pena JCAP 1207 030
(2013)

O(10%) GeV

Pilaftis & Underwood Nucl.Phys. B692 303
(2004)

O(1) GeV

Akhmedov, Rubakov & Smirnov
Phys.Rev.Lett. 81 1359-1362
(1998)
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W@W&W&%&&e& Tree-ltevel Mocs RHN

Type-|l seesaw

pros

Can explain BAU
Predicted by GUTs

Some circumstantial
evidence

Can radiative generate
electroweak scale

Trott & Brivio

cons

In most regimes
I tough to test

Exacerbates
hierarchy problem

Vissani

VR
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intermediate
scale leptogenesis

resonant

O(10*%) GeV

Fukugida & Yanagida Phys.Lett. B17 45-47
(1986)

O(10°) GeV

Racker, Rius & Pena JCAP 1207 030
(2013)

O(10%) GeV

Pilaftis & Underwood Nucl.Phys. B692 303
(2004)

O(1) GEW~,

Akhmedov, Rubakov & Smirnov
Phys.Rev.Lett. 81 1359-1362
(1998) P
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Leptogenesis via oscillations

* highly degenerate RHNs produced via scattering at T > Tew

‘$
\d
\d
.
*
.
*
\d
\d
*
‘$
) 2

Akhmedov, Rubakov & Smirnov (1998)

 small Yukawa couplings = RHNs may not have equilibrated by the EWPT

e RHNs CP-violating oscillations — source of lepton number and flavour asymmetry.
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Leptogenesis via Oscillations with 2 RHNs

e GeV-scale RHNs — rich phenomenology

1
Y = —U, /mRT\/M 4 masses, 4 angles, 3 phases (2 masses + 3 angles measured)
U

Casas & Ibarra, Nucl.Phys. B618 (2001) 171-204

UP =310
ol

C
Vo = UgqilVi T @aIN[

107

107~

isfavour
ed by globg| COnstrajng
S

10—137

normal ordering

:

1609.09069

05 :
M [GeV]

Drewes et al (1611.08504) ,,

10 50
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W@W&W&%&&e& Tree-ltevel Mocs RHN

O(10*%) GeV

Fukugida & Yanagida Phys.Lett. B17 45-47

Type-l seesaw

pros

Can explain BAU
Predicted by GUTs

Some circumstantial
evidence

Can radiative generate
electroweak scale

Trott & Brivio

cons

In most regimes
I tough to test

Exacerbates
hierarchy problem

Vissani

VR
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intermediate
scale leptogenesis

resonant

(1986)

O(10°) GeV

Racker, Rius & Pena JCAP 1207 030

(2013)

O(10%) GeV

Pilaftis & Underwood Nucl.Phys. B
(2004) |

O(1) GeV

Akhmedov, Rubakov & Smirnov
Phys.Rev.Lett. 81 1359-1362
(1998)

e
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Regime where RHNs decay width similar to their mass differences. Mass range ~ TeV

Harder to test. RHN masses explained by additional U(1)s-L symmetry and can be
sufficiently long-lived — displaced-vertex signature searched for at LHC, MATHUSLA or

SHIP.

myz = 3 1eV
e B B - 1
102} \CLFV Contrlbutlgr%%y): 57x10713)
y | Deppisch. Desai (1308.6789) 10-16]
1074~ — 10220
_ F~ — 1024
u _ ; i
d 10_6E — - 10—28-_:!
| N AmZ, < Pmy <03 eV E
E ?
10_8;_ LLHC:1 IIlIIl_i
100 mm;
10—10:. ___________________ IQ*_m_ ______

02 04 06 083 10 12 14
mN[TeV]


https://arxiv.org/abs/1308.6789

L@O/ﬂ/@w(/‘/édf/%&m Iyee-tevel
Increasing interest with using gravitational waves to high scale neutrino mass models

UV-completion based on scale invariance above mass of RHNSs.

1076,

Brdr et al (1810.12306)

New scalar breaks scale-invariance — 108
generates mass for RHNs and strong first order ;-0

phase transition )
Q; 10_12%‘ zlg

& f. q
G

10—14
Resonant Leptogenesis +
dynamical generation of EW scale 10716

10_182‘ — LIGO 2016-17

| ~ - LIGO 2019-20 -

---- LIGO 2022+ f

10* 10 10* 100" 1 10! 10°
frequency [Hz]
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* Neutrino masses zero at tree-level, non-zero at n-loop level
e | oop suppression — small neutrino mass new physics is around TeV-scale

Zee-Babu model

 Rich scalar sector: At

k++ ht / E++ AN ht
°

Lop = flrlrht + geqerk™™ + pzphth k=" v

36



* Neutrino masses zero at tree-level, non-zero at n-loop level
e | oop suppression — small neutrino mass new physics is around TeV-scale

Zee-Babu model

o(pp — H™ H )x BR(H

1071

— Observed 95% CL upper limit
---- Expected 95% CL upper limit
|| Expected limit = 1o

Expected limit + 20

— o(pp = H™ H), BR(H™— uu*)
-~ .o(pp — H: Hg ), BR(H = u*u*)

1
1

B det=47fb1 N i
- \s=7TeV i ]
| | | | | | | | | | | | | | | | | | | I\ ~\I | | |
100 200 300 400 500 600

m(H™) [GeV]
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Doubly charged scalars can
be searched for at the LHC
(like-sign dilepton searches)

| | | | | | | | | | |
—— Observed 95% CL upper limit

---- Expected 95% CL upper limit
| Expected limit = 1o

Expected limit + 20

—— olpp = H'" H), BR(H"— e**)=
- -.o(pp — H: H: ), BR(HZ*e e*u*)=

1
1

- det=4.7fb1 Q }
~ Ns=7TeV : 7
| | | | | | | | | | | | | | | | | | | | |\ q | | |
100 200 300 400 500 600

m(H™) [GeV]



What | have reviewed so far are popular models

Dvali & Funcke 1602.03191

Assume gravity has a thetaterm: Lg D 0gRR

vV

Postulate neutrinos have zero bare mass and condense via NP gravitational effects in
analogue with QCD:

L D g,vvv Ag ~v~my, ~my

Neutrinos Dirac/ Majorana, rich phenomenology due to late time mass generation

Use Schwinger-Dyson methods to calculate condensation strength.
Need a lot of new particle degrees of freedom or face tuning of Apy,,../1m,

Barenboim, JT & Zhou 1909.04675
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* JUNO medium baseline reactor experiment will start data taking next year.
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* JUNO medium baseline reactor experiment will start data taking next year.

Supernova v’s  Atmospheric v's

~104in 10 s several/day
for 10 kpc / /
A = A
Solar v’s \ | e
(10-1000)/day \ 1 700 m Cosmic muons
| - 250k/ day
\ i 0.003 Hz/m2, 215 GeV
\ : 10% multiple-muon

26.6 GWth, 53 km

&/,
oy '

reactor v’s
~60 / day

Geo-y's
1-2/day
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Precision measurement of P(U, — U,) will resolve mass ordering with 6 years
of data taking.
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* HyperK next generation multipurpose water Cherenkov detector will start
data-taking 2027. Similar technology to T2K.

* physics goals: CP-violation, mass ordering, proton decay, detect solar,
atmospheric, and geoneutrinos...

HyperK Overview Talk (Ludovicdy,

Hyper-K Flux for Neutrino Mode
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https://cdn.eventsforce.net/files/ef-q5vmtsq56tk6/website/948/hyper-kamiokande_noamination.pdf

6 GeV electron candidate

 DUNE LArTPC detector will start running 2026 (3 years
no beam). Technology demonstrated by the Fermilab
Short Baseline Neutrino Program (Kirsty Duffy’s talk).
Physics goals: very similar to HyperK
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De Gouvea & Murayama
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If flavour breaking scale is not high, we can search for cLFV, collider signatures
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https://ui.adsabs.harvard.edu/abs/1979NuPhB.147..277F/abstract
https://arxiv.org/pdf/hep-ph/0301050.pdf
https://arxiv.org/pdf/1503.07543.pdf

Frogatt & Nielsen

Flavour

Anarchy

De Gouvea & Murayama

Interesting connection with GWSs: if there was
a discrete flavour symmetry

you would get domain walls in the early
Universe. The explicit breaking of the
residual flavour symmetries can cause the
domain walls to decay giving a GW signal

Pascoli, Zhou et al (2009.01903)

613 (deg.)

If flavour breaking scale is not high, we can search for cLFV, collider signatures
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https://ui.adsabs.harvard.edu/abs/1979NuPhB.147..277F/abstract
https://arxiv.org/pdf/hep-ph/0301050.pdf
https://arxiv.org/pdf/1503.07543.pdf
https://arxiv.org/pdf/2009.01903.pdf

Precision determination of mixing angles will also be improved by measuring
tau neutrino appearance.

Kelly, Stenico, et al(1904.07265)
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GUTs produce cosmic string networks = gravitational waves

Correlate limits (or observations!) from PD with observations/non-observations of
GWs to assess symmetry breaking chains

56


https://indico.cern.ch/event/740296/contributions/3160875/attachments/1740258/2815761/ProtonDecay-and-nnbar-Shiozawa-EuropianNeutrinoTownMeeting-181024v1.0.pdf

NANOGravll

King, Pascoli, Turner, Zhou (2005.13549)
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https://arxiv.org/pdf/2005.13549.pdf

Axions at the DUNE near detector  «eiy. Liuetai2011.05995)

Primordial black holes at DUNE  beRomerietal 2106.05013

Earth’s tomography using DUNE Kelly, Perez-Gonzalez et al (2110.00003)

Measuring the diffuse neutrino background at HyperK e Gouves. perez-Gonzalez et al (2007.13748)
Boosted Dark Matter at HyperK & DUNE  necib et (1610.03286)

Lorentz violation HyperK . ieanuract 2019

Non-standard interactions (VEFT) at HyperK and DUNE st report (1907.00991)

Supernovae neutrino detection opunereport  Hyperk (2101.05269)
T|me Vary|ng neUtFIﬂO masses Krnjaic, Machado, Necib (1705.06740)
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experiments

Progress Is contingent upon understandin
neutrino nucleon interactions better and
Improved modelling of underlying nuclear

physics!
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.0(10°%) GeV

Pilaftis & UMagyood Nucl.Phys. B692 303-345
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Asaka, Eijima & Ishida

JHEP 1104 011(2011)
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Resonant Leptogenesis

Pilaftis & Underwood Nucl.Phys. B692 303-345(2004) Abada, Aissaoui,
Losada Nucl.Phys. B728 55-66 (2005)

e RHNs decay width similar to their mass differences. Mass range ~ TeV

e RHN masses explained by additional U(1)s-L symmetry and can be sufficiently
long-lived — displaced-vertex signature searched for at LHC, MATHUSLA or

SHIP.

SRS

Z

S

Deppisch, Dev & Pilaftsis New J.Phys. 17 no.7, 075019 (2015)
Helo, Kovalenko & Hirsch Phys.Rev. D89 073005 (2014)
Gago, Hernandez, Jones-Pérez, Losada & Briceno
Nucl.Part.Phys.Proc. 273-275 2693-2695 (2016)

Antusch, Cazzato & Fischer JHEP 1612 007 (2016)
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https://arxiv.org/pdf/1502.06541.pdf
https://arxiv.org/pdf/1502.06541.pdf

Resonant Leptogenesis in the Neutrino Option

e Assume Higgs potential vanishes at M

e |ntegrate out TeV RHN and RG evolve: Higgs potential produced for M ~ 103 TeV

Brdar, Hemboldt, Iwamoto, Schmitz Phys.Rev. D100 075029 (2019)
Brivio, Moffat, Pascoli, Petcov, Turner JHEP 1910 059 (2019)

Normal Ordering
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Resonant Leptogenesis in the Neutrino Option

e UV-completion of Neutrino Option (Brdar, Emonds, Helmboldt, Lindner) minimal
renormalisable model based on classical scale invariance

* New scalar breaks scale-invariance — generates mass for RHNs and strong first
order phase transition

1075

10—16 _
1810.12306 -
10718 — LIGO 2016-17 |
- = LIGO 2019-20 ]
P LIGO 2022+ | Brdar, Emonds, Helmboldt, Lindner
10 104 100 102 100" 1 10" 102 Phys.Rev. D99 (2019) no.5, 055014

frequency [Hz]
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intermediate
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Difficult to test as RHNs very
heavy however gravitational
waves offer an additional
telescope on high-scale
leptogenesis
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Fukugida, Yanagida

Thermal leptogenesis

Institute of Particle Physics Phenomenology
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Fukugida, Yanagida

Thermal leptogenesis

N — LH

N — z H asymmetry

lepton

Institute of Particle Physics Phenomenology

63



Fukugida, Yanagida

Thermal leptogenesis

B-L conserving
sphaleron

N — LH processes

lepton
N — z H asymmetry

Institute of Particle Physics Phenomenology

baryon
asymmetry
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Thermal leptogenesis

Fukugida, Yanagida

B-L conserving
sphaleron
processes

lepton
asymmetry

Decay asymmetry from interference between tree

Covi, Roulet, Vissani .

and loop level diagrams
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Thermal leptogenesis

Washout and scattering processes
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Region 3: At T <M, RHN abundance is depleted. Lepton asymmetry freezes out.
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Primordial Black holes induced leptogenesis

Work in collaboration with Yuber Perez Gonzalez: 2010.03565

Astrophysical BHs require A > 3M,

. C , 0912.5297
For smaller BH mass (between Planck and solar mass scale) require large ~*"°°

perturbations in the early Universe :

Hawking, 1975

rs ~ A\c —— PBHs evaporate by emitting particles

dM

13
abs (GMp) p° dp Ton = éM ~ 1.06 (10M g> GeV .
exp| By (p)/TBu] — (—1)2%%e "

PBHs are totally indiscriminate in their particle production: just need TsH to be close to particle mass
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https://arxiv.org/pdf/2010.03565.pdf

