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David Griffiths

Good introduction to elementary particles...

Wiley-VCH

Kim & Pevsner ... 90's good for MSW

Giunti, Kim 2007 ...
good general astro aspects

Paul Langacker, 2010
The standard model and beyond
Scholarly ... good for reference

Neutrinos in
High Energy and

Astroparticle Physics

Jose Wagner Furtado Valle,
Jorge Romao

José W.F. Valle and Jorge C. Romao

ISBN: 978-3-527-41197-9 Neutrinos

448 pages in Hi

February 2015 n High Energy and
Astroparticle Physics

A self-contained modern
advanced textbook on
the role of neutrinos in
astrophysics and cosmology,
and high energy physics

* Written by two renowned and well-established authors in the field.

* Bridges the gap between neutrino theory and supersymmetric model building, so far
missing in the current literature.

* Includes a thorough discussion of varieties of seesaw mechanism, with or without
supersymmetry.

* Each chapter includes chapter summaries and further reading lists.

* Full problem sets throughout and appendices with useful tables and equations.

$124.00 | £ 73.50 | € 99.90 SESEeLRsRESaEas S aaEas e
Please note that all prices are correct at time of going

to press but are subject to change without notice

WILEY-VCH WILEY




Neutrino oscillations

experimental status

Atmospheric octant, CP violation & mass ordering
Short & long-term prospects

theoretical predictions

Robustness and non-unitarity or NSI

Beta & double beta decay

Current experimental status

Short & long-term prospects & absolute neutrino mass

Theoretical significance of neutrinoless BB decay: the black box



Extra-Galactic

Galactic

3,

Accelerator

Atmospheric
SuperNova

Cross-Section (mb)
3 2

=k

Q
ey
o

Terrestrial

-y —
e o
ha il
=] w

—l

:I
]
(44]

2

—

(=
&
=k

16 10 1 10° 10 10° 100° 10° w* 10" 10° 10"
Neutrino Energy (eV)



1024

102

“TMeV')

:..1016

lg

;‘" 1012

o 10°

=2 1o

10
10+
1012
10°7°
10-%
10 2

10778

Cosmological v

Solar v
Supernova burst (1987A)

_ Reactaor anti-v

_,,_——//

Background from old supernovae

Terrestrial anti-v

Atmospheric v

v from AGN
Cosmagenic
v
10° 10°° 1 10° 10° 107 10" 10" 10
ueV meV eV keV MeV GeV TeV PeV EeV

Neutrino energy



L2 Gonzalez—Garcia et al
@& |
Capozzietal E
||
Forero et al ‘
= @ _
0.25 0 30 0.35 0.40

sin®f;.,

Sin 053

10 iy
Gonzalez—Garcia et al
I .

:
1
I
Capozzi et al |
I =N
i
Forero et al |
_ -
0.3 0.4 O 5 0 6 0.7

Gonzalez—Garcia et al

Capozzi et al

Forero et al

0.00

001 002 003

Sin“6;

0.04



R Pl

http://dx.doi.org/10.1007/JHEP01(2016)007

< . Lo : http://arxiv.org/abs/arXiv:1705.06320

Phys.Rev. D86 (2012) 051301 @@bblb© @]S S@@d? |
Phys.Lett. B748 (2015) 1-4 “ u e

4 -V,

Vi

Neormal ™ Y-

http://arxiv.org/abs/arXiv:1706.00210 M —

T e

~2% 1 03e V2

.,
=
|
|

F—
solar~7x 103 V?

{

Inverted

g
solar~Tx 107 V*
-

atmospheric
=
~2x107%eV?



http://arxiv.org/abs/arXiv:1706.00210

PHYSICAL REVIEW D 90, 093006 (2014)

25

Am: [107eV7]



NOvA

sin®Ba;

sin®6og

2n

3m/2

w2

— 9%
— 90%

sin’(0,,)

NH
2% T I T
— 99%
— 90%
32 —
= =9
@] — |
ge] ! ooU
2 —
0 | \ : | : \
0.3 0.4 0.5 0.6 0.7
.2
sin (0,,)
NOVA T2K
3 | B, o o A ) e s L e S 0| ELE et o, e T
1.5 = 1.5 1
E K
S .
héﬁl- 1.0 — hgl. 1.0+ 1
05+ - 0.5+ -
OJJ_l. PR B T P PRI O‘D_I|||.I||J P I N M
0.35 0.40 0.45 0.50 0.55 065 0.35 0.40 045 0.50 0.85

NOvA

— 99%
— 90%

03




‘ ‘VUlllJ YAVAR" ImA"

B I P . T
]

=
<)
=]

sinZ#,3 (true)

A T I e iy

&(sin®6,5)/sin*65 [%] 5(sin®6,3)/sin’6,5 [%]

FIG. 3. Octant discrimination potential as a function of
the relative error on sin” 63 for the true value of 6 " =
1.347. The left (right) panel represents the results for DUNE
(T2HK). The red, green, blue and cyan curves delimit the 023
“octant-blind” region corresponding to 2, 3, 4 and 50 confi-

dence (1 d.o.f).

=
o)
>

0.45

i R T | T N | i i PR 1 I T | T T | u-m
2 4 6 8 10 12 14

sin? 3 (true)
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https://arxiv.org/pdf/1702.03160.pdf

= Schechter & JV PRD22 (1980) 2227 & PDG
Rodejohann, JV Phys.Rev. D84 (2011) 073011
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2N ()00 4
Valle PLB199, 432 (1987) ag; 2 0.939, (1_ >0.999, |G ?1‘ <6.6 x 107

O.G. Miranda, J.W.F. Valle / Nuclear Physics B 908 (2016) 436—455 l
Escrihuela, Forero, Miranda, Tortola & Valle PhysRevD.92.053009
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PRL 117, 061804 (2016) PHYSICAL REVIEW LETTERS 5 AUGUST 2016

New Ambiguity in Probing CP Violation in Neutrino Oscillations

0.G. Miranda."" M. Tértola,>" and J. W. F. Valle™*
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http://prd.aps.org/abstract/PRD/v22/i9/p2227_1




Neutrinoless Double Beta Decay
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http://medex17.utef.cvut.cz/

Link to nEXO (proposed succesor to EXO-200):

http://medex17.utef.cvut.cz/talks/Gratta.pdf

Link to LEGEND (succesor to GERDA/Majorana):

http://medex17.utef.cvut.cz/talks/Wilkerson.pdf
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http://arxiv.org/find/nucl-ex/1/au:+Barabash_A/0/1/0/all/0/1
http://medex17.utef.cvut.cz/
http://medex17.utef.cvut.cz/talks/Gratta.pdf
http://medex17.utef.cvut.cz/talks/Wilkerson.pdf
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http://arxiv.org/find/nucl-ex/1/au:+Barabash_A/0/1/0/all/0/1
http://www.sciencedirect.com/science/article/pii/S0550321312001952
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.056001
http://dx.doi.org/10.1016/j.physletb.2013.05.067
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Pd&s et al, PLB453 (1999)
Amplitude for (Z, A) — (Z £ 2, A) + eTeT can be divided into: & PLB498 (2001)
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Mass mechanism “long-range” “short-range”

PHYSICAL REVIEW D 86, 055006 (2012)
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PHYSICAL REVIEW D 86, 055006 (2012)
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However exciting ...

Higgs not the last brick!

Staldald mode

 Anomalies,
does not e unification,
explain  consistency of EWSB,
» Gravity
* Flavor

Neutrino mass +
Cosmology, e.qg.

dark matter, inflation,
Baryogenesis, dark energy



Dirac & Majorana neutrino mass
Theoretical origin

Flavor problem

Explaining masses, mixings & correlations
Neutrino mass in EW breaking

Dark matter and neutrinos

Majoron Dark matter

Dark matter and flavor problem

Dark matter and Diracness

Neutrinoless BB & quadruple B decay
Neutrinos & other cosmological puzzles
Towards the TOE: Comprehensive unification

1E0T






coefficient
Mechanism
Scale
Flavor structure

TYPE |

Minkowski 77

Gellman Ramond Slansky 80
Glashow, Yanagida 79
Mohapatra Senjanovic 80
Lazarides Shafi Weterrich 81

Schechter-Valle, 80 & 82

Number & properties of messengers

LOW-SCALE SEESAW

Mohapatra-Valle 86

Akhmedov et al PRD53 (1996) 2752
Malinsky et al PRL95(2005)161801
Bazzocchi et al, PRD81 (2010) 051701

TYPE Il
Schechter-Valle 80/82



http://prd.aps.org/abstract/PRD/v22/i9/p2227_1
http://prd.aps.org/abstract/PRD/v25/i3/p774_1

Vi L Nj.R Nj.L Vk,R
tYpPel

Phys.Lett. B761 (2016) 431-436
Phys.Lett. B767 (2017) 209-213

UGS
St COne ex

Phys.Lett. B762 (2016) 162-165
Phys.Rev. D94 (2016) 033012
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Addazi et al arXiv:1604.02117

FIOMm Strings

10.1016/j.physletb.2016.06.015

No conventional GUT embedding :

http://arxiv.org/abs/arXiv:1608.05334

string completion Quiver setup

23


http://arxiv.org/abs/arXiv:1604.02117
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many low-scale neutrino mass schemes ...
arxiv:1404.3751

E Ma, Merle et al JHEP 1607 (2016) 013
Hirsch et al JHEP 1310 (2013) 149

331 EW theory # families = # colours

BOUCENNA, MORISI, AND VALLE

Ga U g e VS H IggS TABLE 1. Matter content of the model, where g =
(ttg. Cr. tg-tg) and dgr = (dg. Sg, bg. dg. Sk) (see text).
PHYSICAL REVIEW D 90, 013005 (2014)
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http://dx.doi.org/10.1103/PhysRevD.22.738
http://inspirehep.net/record/1290535
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‘symmetry

Babu-Ma-Valle PLB552 (2003) 207

. i
Hirschetal ~ PRD69 (2004) 093006 RRtRZ TR N5 sin” fy3 = 0

D. V. Forero,"

PHYSICAL REVIEW D 88, 016003 (2013)

Neutrino mixing with revamped A, flavor symmetry

* . Morisi.>" J.C. Romao,"* and J. W.F. Valle>®




Boucenna et al
PhysRevD.86.073008

P Chen et al | \ CP
Phys.Lett. B753 (2016) 644-652 Res \ d U a f

Phys.Rev. D94 (2016) no.3, 033002


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.073008
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Predicting neutrino mixing
from residual CP symmetries
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Ch“red TErmion masses

Flavor dependent
b-tau unification

Morisi et al Phys.Rev. D84 (2011) 036003

King et al Phys. Lett. B 724 (2013) 68 from Same SymmEtry

Morisi et al Phys.Rev. D88 (2013) 036001

Bonilla et al Phys.Lett. B742 (2015) 99 eXp\ai\nl\ng OSCH‘atlonS


http://prd.aps.org/abstract/PRD/v88/i3/e036001
http://www.sciencedirect.com/science/article/pii/S0370269313004498
http://arxiv.org/abs/arXiv:1411.4883

Stahdald model

m—
D

The physics responsible

108 1011 1014

Energy scale (GeV)

ALTNOS & Unidcaion

‘or gauge coupling

unification may also induce neutrino masses

Boucenna et al Phys. Rev. D 91, 031702 (2015)
Deppisch et al Phys.Lett. B762 (2016) 432


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.031702
http://ac.els-cdn.com/S0370269316305688/1-s2.0-S0370269316305688-main.pdf?_tid=44814f84-abe6-11e6-bab2-00000aab0f01&acdnat=1479291796_8b84fa14d4e2d2fe6e28683467db12ef
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Chen et al arXiv:1509.06683
JHEP01(2016)007

Addazi et al
Phys.Lett. B759 (2016) 471-478



http://arxiv.org/abs/arXiv:1509.06683

DSUSHdame e

T T rr oot L N L N L I L Y b

ds® = ¢ _'2;'-""J‘]J.I.,-!-,tII.E"”lr']..f"rl — f_-’.r_l_’fl'] : l_"lz_? NH true
1.10[ | i

lr, Qr, T, Vg, up, dp H. ep, up <20 T2K
18T <20 NOVA |
= ‘ <20 DUNE
3 O .|
' <20 T2HK
0.951 ]
[
050} 1

I

085 :-: TR S Y TN TN S N T O Y IO N [ T T O O N Y T O A N Y T | —:;

0.16 0.18 020 022 024 026 0.28 030 032 034

masses explained by bulk parameter choices o/

|
2 —sin26y cos ¢y

miXingS Sinze]z—'

, 1 ;
sin” 03 =z (1 +sin26y cos ¢y )

1 —sin28, sin(7m/6 — ¢, )

™%

e ey ~ predictions for
Lot neutrno 0sc ilations

V3

w )
S~ 933 =

c0s 26,

Jop = —



http://arxiv.org/abs/arXiv:1509.06683
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I EREA
Nucl.Phys. B397 (1993) 105-122

Higgs searches Bonilla Fonseca & J.V. Phys.Lett. B756 (2016) 345-349 ...



PHYSICAL REVIEW D 91, 113015 (2015)

Neutrino mass and invisible Higgs decays at the LHC

Cesar Bonilla,"” Jorge C. Romido,”" and José W.F. Valle"*

channel ATLAS CMS
My  LITE02Y 10400
www  1.0070352  0.83 £ 0.21
pzz 1447530 1.00 £0.29
Bot—  L4TgE 081 2027
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http://arxiv.org/abs/arXiv:1502.01649

 probe neutrino messengers

u
- (11 £ (]
- o

e Nrohe e-\We

- Ea .






EMa, Hirschetal JHEP 1310 (2013) 149

W||\/|F_’ dark Matter as radiative Merle et al JHEP 1607 (2016) 013
neutrino mass messenger

Either scalar or fermion messenger
“susy” without susy

200 400 ebo SO0 1000 12000 1400

mo 1GeV]



http://inspirehep.net/record/1290535

* Accidental ? Lavoura, Morisi, JV JHEP 1302(2013) 118

* unbroken subgroup

Boucenna, et al JHEP 1105 (2011) 037
Hirsch, et al Phys.Rev. D82 (2010) 116003

many choices

: !

72 PARITY ) More possibilities

HIGGS PORTAL
DIRECT DETECTION

Cross section [cm™] (normalized to nucleon)

; 10"
WIMP Mass |Ge \L_:|




arXiv:1606.04543
Phys.Lett. B761 (2016) 431

Fields Zo 7 Chiulia et al

D Stab‘\\‘\ty rom Diracness

s

No neutrinoless Bf decay

Search for neutrinoless quadruple-p decay
http://arxiv.org/abs/arXiv:1705.08847


http://dx.doi.org/10.1016/j.physletb.2016.08.028
http://arxiv.org/abs/arXiv:1705.08847
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C. Bonilla et al. / Physics Letters B 762 (2016) 214-218

Table 1
Relevant particle content and quantum numbers of the model.
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http://inspirehep.net/record/1602168
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Susy inverse seesaw ...

Restrepo et al PRD85 (2012) 023523

107

SUSY WiTlP dark Mateer

" 700

H 400 :

Arina et al PRL101 (2008) 161802
Bazzocchi, Cerdeno, Munoz, J.V., PRD81 (2010) 051701

De Romeri, Hirsch, JHEP 1212 (2012) 106
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doubly suppressed decays
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chosen to fit neutrino osc. data



Consistency with CMB %&\Q{\ﬁ(\_@‘%\“\m\s

Lattanzi & Valle, PRL99 (2007) 121301
Berezinsky, Valle PLB318 (1993) 360

¥
X
L |
5)
-
5

50 100

Multipole |

fo"ﬂ

. INTEGRAL, COMPTEL, EGRET
BaZZOCChI & al JCAP 0808 (2008) 013 | Fermi line search
-3 INTEGRAL diffuse background
HEADO diffuse background
Esteves et al, PRD 82, 073008 (2010) HERO diffuse backg
- Prototy pe cryogenic spectrometer
Chandra Draco
Chandra LETG NGC3227

Lattanzi et al PRD88 (2013) 063528
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http://arxiv.org/pdf/1405.4706.pdf
http://arxiv.org/pdf/1502.00612v1

neutrinos may explain DM
through an emergent theory ...

inflation

Today
Life on earth

Acceleration
Dark energy dominate

Solar system forms\;
Star formation peak \EEEEEE
Galaxy formation era\y =
Earliest visible galaxies

14 billion years

Recombination Atoms form \—
Relic radiation decouples (CMB {

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created — D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry hreaking

Axions etc.?

Grand unification transition F——
Electroweak and sirong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

BIG
BANG
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forces + families : recent revival

of an old idea

& ol Wilczek & Zee
e Nwartar” — dy",  51/2 Gellman Ramond Slansky

16 —(3,2,1/6) +(1,2,—-1/2) + ,1/3)
+ 18, 128 sl A, 1)+ \(1-1-.0)}

SO(2n 4+ 2m) spinors split as

2!;—_';“—'1 — Qm > 2-11—1
SO(2n+ 2m) — SO(2n)

Chirality problem

O (10) & SO(8)

Promote M, to AdS5

Use orbifold breaking mechanism to decouple mirror families
They become heavy Kaluza-Klein modes

SO(10) x SO(R) = SO(10) x SO(5) ¢

Figure: SO(5) e gauge coupling (green line) in addition to the SM couplings
(red, orange and brown lines).
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